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ABSTRACT

N.M.R. Spin Echo spectra of Gdy_YxAlo and Gdp_,La Als
(0 £ x 0, l) were studied in the ferromagnetically ordered
state at 412 K. The Af resonance line profiles were analysed
under the assumption of various medels for the spatial extent
of the conduction electron pelarization and genersl confirma-
tion of RKKY-like oseil}etory_polafization was found. Slowly
decreasing nenbscillatory polarization functions were shown
to be unable to explain the observed spectra. The line shape
hss been shown to depend rather critically on the value of
the 'lf'erm’,iuwave_vector.K;.° The effect of the conduction
electron mean free path on the line shape is similar to the
K,

. E. S R. of Gd in YA[Z was messured in the temperature
range from 65 K to 3A0°K. _The“experimental reaults are
discussed using Haeegawa's theory, The dependence of line
width on temperature and Gd - concentration indicates the
existence of a "bottleneck" in the relaxation between the
bonduction electrons and the lattices The behaviour of the
line width with temperature iﬁ the ferromsgnetic region makes
it possible to study the Curie tempersture for these compounds.

The hyperfine field at the 5960 nucleus have been observed
‘for some of A Coy (A ; rare earth metal) compounds. The
field strength has essentially the same value of about 6? k&ﬁl
for all the compounds studied. '

The results can be interpreted in terms of contributions

to the hyperfine field arising from the transition metal
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sublattice and from the rare earth sublattice. The former
appears to be proportional te the magnetic moment associated

with the transition metal ion while the rare earth contribu-

‘tion is taken to srise predominantly from conduction electron

polarizatien;
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CHAPTER 1

Introduction

4The4rere_eerth eieqlente9 alloys and compounds form a group
of.materials with widely diverse megnetic and electrical prop= '
erties (refs: 1.1, 102,,1;3;, 1ok, o5, 1o6, 107, 1.8)c The
magneticfordering pbservediin the rare earth metals srises from
ah indirect exchange mechanism involving a polarieation of cond=
uction electrons by the locallhf moments. In intermetallic
eOmpounds with gtoichiometry AB, (A = rare earth element and
BH% Cog._Fe9 Ni, Aeooop) the presence of the rare earth elements
has beeﬁ of value in understanding the complexities}ef the elec=
tronic behaviour snd may be of"value in solving the problem of
‘the properties of the transition metals themselves. The meas=
urement of hyperfine fields and g-shifts ere known to be capable
of providing useful information on the mechanisms involved in
the magnetlc properties of these compoundso

Thie_thesis describes an experimental investigation usingi

1, nuclear magnetic resonance to study the hyperfine field

'iat the 7A€_ nuclei in GdAt, and in Gdl x A'x At,, where A is
Y, Dy, La, and at 5900 nuclei in some of A002 compounds; the
measurements were made in zero field at a temperature of 4.2 K
(GdCoQ between L.2 K and 275 K) and at frequencies between 35 MHz
and 70 MHz9 using a nuclear magnetie resonance (NMR) spin echo
Speetrometer which is described in chapter four;

20 electron spin resonance to study the g-shift and the

line width of the resonance at Gd 1n Gdlux T, At, (x = 0 to 0.9);

these measurements were made in the paramagnetic region, in fields

W
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betweenlo gnd é er; using an X-band reflection spectrometer
Operatiﬁg at 9 GHz. »Thignsystgm is described in chapter four.
' The results of these messurements are presented in tables and
graphs in chapter five. In chapter éix the results are discussed
and accounted for. _

Chépter three is confined to some basic theory of spin.eﬁho
and‘éléctrqn spin.resonance7 The magnetic properties of Aﬁg
~compounds and a brief theory of the observable effects of cond-
uctipn electron polarization which apply to these compounds are
given in chapter two.

In this chapter (one), the structure and the msgnetic prop-

erties of rare earth metals, and the RKKY and hyperfine fields

wi%; be discussed.

lylmw,Rare earth metals

N Theifourteen Lf transition series elements form a sub group
ih;§h§ p%riodic table and -are all cgamicélly and structurally
quité siii1aro They have electron‘configurations of the general
foghg(Xe),hfn 5d1 észg in which the Le" shell is progressively
fi?iéd'f}om ns= Q for La ton = 14 for,Lu; The Lf-shell is
embéddéd in the Xenon-core (Xe) and is well screened against
pe;tufb?@ionq from the environment by eléCtrons in the 532 and
5p6‘éhel;30 The three valence eleéﬁréné; corresponding to 5d1
and“652'étomic_statesp form the conduction band. The series may
be divided at the point of the half filled Af shell into light
(Lg:; Eu) and heavy (Gd - Lu) rare earth metals.

»The\f;electrons behave, to a first approximation, like those
in a free ion. Hund's rules apply well in describing the ground

state electronic behaviour of most the tripositive rare earth
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ions;' %Spin_end_orbital_engular momentum are strongly coupled
yielding.J as a good quantum number'equal'to L-S for the light
group;and J = L + 5 for the heavy rare earth group.

AAAThevheavy rare earth metals (Go to Tm) and Y crystallize
in the hexagonal close-packed structure (hcp) which has an
ABooooAB stacking pattern. = The c/a ratios are almost the same,
varylng between 1.57 and l7599 The light rare earth metals have
8 more complex douhle-hexagonal structure in which the stacking
sequence of the layers is ABAC“”ABAC° The fsceacentred cubic
structure may also be written in th1s form by stacking layers in
the-form‘ABC ABCor Thus in the double“structure the layers have-
alternatlvely hexagonal and cublc environmentso Sm has a more
compléx structure regarded eslrhombohedral with the stacking
seguence ABABCBQACA consisting of nine layersoA The c/a ratlos
.' for the light rare earths are 1.61. The basic information about
the crystal structures of the rare earth metals is summsrized in
table (1. 1), together with similar data on ¥ and SCo ‘

Beceuse the work descrlbed in th1s thesis is only concerned

wiéh the elements of the second half of the series, we shall
concentrate on the heavy rare earthso . The reader is referred
to rev1ew articles (refs. l.l, 1.2, 1. 3, l Ly, 1.5, 1l.6) for a
more complete discussion of the physlcal and magnetic properties
of all the rare metals. ’ |

) The heavy rare earth metals with- 7 or more Lf electrons are
strongly magnetic members of the series exhibiting magnetlc states
with orderlng temperstures ranging from 57 K (Tm) to 293 K (Gd)
The exceptions are divslent ytterbium, which is non-magnetic,

and lutecium both having a filled 4f shell. For the heavy series

only.the lowest level of the J angular momentum manifold is




b

Tsble 1.1 Crystal structure of rare esrth metals.

T 25°C
Sﬂ}ﬁbtﬁre ) c c/a
Se hocepe 3.309 5.268 1,592
Y:' hecspo 3,650 < 5741 1,573
La d-hex 39772 12,144 1.610
Ce d-hex 3,673 11.802 1,607
Pr d-hex 3,672 11,833 1.611
N dehex 3,659 11,799 1,612
Pm d-hex 3.65 11.65 1,600
S¢ " rhomb ' hex 3.626 26,18 1,605
B | Thomb hex :
Bu ~ Dbecece 4o580 :
Gd heceps 3063L 50781 1,591
™ hocepe 3,604 5,698 1.581
Dy hacop. 3,503 5.655 1.57%
,ﬁq hec s po 3,578 | 5,§26 | 1.572
CBr heceps 3.560 50595 1,572
™ hoc.ps 3,537 5,558 1,571
e :A f.ceCo 50483 |
Lu o hocopo 3,505 50553. 10584

The c/a ratios of the‘dphex_athSm structures are given as
¢/2a and ¢/L.5a respectively (ref. lsl).
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m%h Msat - Ty Te @u”u. : ®|_l Mesf hmv. Mers G AUV
(Mg) (Mg (k) (K) (K) (K) (MB) (M) (Mg)
7.0 7:55 | 292.7 317 317 729 7098 15.75

9.0 9.34  '230.2 219.6 195 239 9.72 977 10.50
10.0 - 10.33 176.0 88,3 121 169 10,64 10. 6 7.08

10.0 10. 34 130.0 19.0 73 88 10.60 11.20 L050

9.0 8.00 85,0 1945 61.7 32,5 9,60 909 2055

7.0 7.1 57,2 32,0 11 17 756 7,61 1.17

() g} JWI HV.

(b) G= AmaHVN J(J 1)
References to original investigations are given in (ref.l.8).

Tsble 1.2 4moBm.vSmeomH properties of.the smmd%_ﬂmwo earths.

'
IR
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excited; and thus the Lf moment is given by b = gyJ, where gy
is the Lande' g-factor. The experimental value of the O K
saturation moment exceeds slightly the value predlcted from gJJ°
The excese ;s attrlbuted_to the polarlzation of the conduction
electrens in the vicinity of the ions caused by the interaction
ef the ionic moment with the electroﬁs° ~Some pertinent physical
propegtiee of these heavy ;ere earth metals sre summarized in
table (1,2). Ty (Neel temperature) refers to the transition
temperature from paramagnetism to a periodic moment amtiferro-
magnetism stateg»while Tci(Curie~temperature) marks the onset of
ferromagnetic order. Also given in the table are values of the
theoretical and experimental psramsgnetic moments from susceptib-
ility data and the values of Q ra for fields applied parallel
.(9111) and perpendicular (9_L) to the C crystsl direction. The
ba31c magnetlc structure observed in the heavy rare earths is

-shown in, figo (1. l)

Gadollnium is truly ferromaghetic over the whole temperature
raeée-but nevertheless provides a verietf-of spin orientations as
'_1nd1ceted by the magnetocrystalline snisotropy observationsa\
These changes in easy direction have now been confirmed by various
neutron dlffractlon studies (refs. 1. 9, 1.10, 1.11) and show that
between 29h and 232 K the moments lie parallel to the crystallo-
graphic c~ axis, but below 232 K the momente move away from this
axis to a maximum dev1at10n of 75° nesr 180 K and then back to
within 32° of the c-gxis at L2 Ko ThiS:lS in remarksbly good
agreement with results of Corner et ale (fefo 1.12) obtained using
tefque measurements. The remaining elements show various changes

in the type of order, with correspondingly complex magnetization-

temperature behaviours




Fig. 1.1 The observed magnetic structure of the rare earth metals
in zero applied field. The detail discussion is given

in (ref. 1.1)

a[l temperatures in K.
pTe= 293+ Ty=2291 Ty=179— Ty, =131 —
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DySprosiums for example, 1n1tially orders as an helical
antiferromagnet and hss IOW=temperature basal plane ferromagnetic
stateso The trsnsition from helix to ferromagnet, which occurs
Spohteneeusly at Té; can be forced to oceur at a higher temper-
sture by an applied fipld (ref. 1.13), For T > T, = 88 K the
magnetizetion is initislly small up to a critical field required
for tﬁe first order collapse of the helix to a ferromsgnetic
configuration. At higher temperatures (T>130 K) where these

influences are_mihimal_the antiferro;ferromagnetic transition is

’f,ﬁfhoﬁght to proceed by a series of intermediste "fan-like" moment

staﬁeso The initigl critical field for the transition ehows an
almost linear variation with tempereture as shown in fig. (1.2)o
Be;ew Tc:the_magnetization curve is like those of a conventional
anisotropic ferromagnet. The ﬁhﬁiférromegnetic helical spin
syetem is shown.in fig. (1.3). 'Inlthis ordered state in Dy, the
Amaénetic moment s of the ions in any one piane of the h.c.p. struc-
tuﬁe areialigned ferromagnetically (ioe? barallel to one another).
Howeﬁer,.the direction of these moments with respect to the crystal
la££iee ehanges from one plane to the next with a constant angle
between the spins in successive planeso This so-called "turn-

angle" is tempereture-dependent and decreases with increese in

temperature (refo 1.3)o

in'metallic alloys, the heavy rare earth metals (except Yb)
fofﬁ conﬁinuous solid solutions among themselves and with none
magnetictyttriumo Yttrium's lattiee coﬁetants are nearly ident-
icellto %hose of Gd'at room pemperature; Since Y is non-magnetic
itLEervee as a nearly ideal diluent for the rare earths. The
solid-so;utions of the heavy rare earths with esch other snd with

Y retsin the hexsgonal close-packed structure of the metals.




or

Critical field (kCe)
- .

g0 Jo 12,0 140 160
' T K

Fig. 1.2 Critical fields and corresponding temperatures
for the helical to ferromagnetic spin transitions

in dysprosium (after ref. 1.13).




- c-axis

?4“ basal plané

_ < \o2w

(2) Oblique view of
hexagonal plans

showing moment
directions. \

(b) View along c-axis

Figel1e3 A simplified view of the helical spin structure, in which the
ordering in any plane is ferromagnetic but the moment direction
from plane to plane changes through a constant 'turn anglet W

resulting in overall antiferromagnetic behaviour.(after ref.1.3)
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Their magnetic properties have been“discnesed in seversl review
articlee (see, for example re?30410i9 la2)o Studies of the
Gd-f system (ref. 1l.17) showed that‘anti-ferromagnetic ordering
occurred at 40 % Y concentrationo Neutrcn diffraction studies
' (refo 1. 18) have shown that in the snti-ferromagnetic phase the
splns have a helical configuration similar to that in Dy metal.
.The ferromegnetlc Curie temperstures and the Neel points {refs.
1917, 1019, 1.29, 1.21) are given in fig. (l.4) as a function
of the enerage’gf the de Gennes factor, G = CG, where C is the
rare esrth concentration, and G = (gfl)2 J(J+1) is the de Gennes
factor (see chdpter two) In addition the turn angle « for
the alloys is shown in flg° (1.5). . W shows only s smsll dep-
endence on tempersture for small G of value about 50° per layer,
Abut nithjincreasing G the variation becomes more msrked, snd for
G gfeeter than about 7, W can show a sudden decrease to zero at
some finite'temperature (ref. 1.21).

Finelly the existence of the helical spin structure can-be
1nterpreted very simply in terms of an exchange interaction whose

magnltude is an oscilleting function of d;stanceo An exchange

. mechanism which sstisfies these requirements is the indirect |

excnange:interaction (see section 1-3,4end chapter two) of
Ruderman, Kittel, Kssuys and Yosida (RKKY)o This mechanism has
been remarkably successful in accountlng for the basic magnetic
prenerties of the rare earth metels, alloys and compounds.

Meny of the properties can be understood in terms of a Hamiltonian
con31st1ng of the three terms for locallzed rare esrth ion moments

AY
N

(refo 196)0

W - ’P{ex + ’ch o+ 'u e : {1.1)
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Thqffirat contribution arises from‘a‘long-range oscillatory
‘exéﬁanggéinteraction of the RKKY type via polarizstion of the
coﬁauctibn‘elgctrogs (section 1;3)0_ The second term is a single-
ioﬁ'apisgtrOpy energy resulting froﬁ crystalline electrostatic
.field interactions on the distributioh“pf the Lf electrons, and
the third term is the magnetostriction ¢ontribution.  For the
hegyytrare earth»metals, especially;the ferromagnetic metal Gd,
th? dominsnt term in the Hamiltoniaﬁ is' the first term. The

other terms sre usually sssumed to be ‘small.

;lé? | Laves Phase Intermatallic Compounds ~

B !

fﬁl The Laves phase denotes a large group of related 1ntermeta
a111c compounds of - stoichioqetry ABZ» hav1ng one of the three
_.follow1ng structure3°

1. | ClS {cubic MgCuzutype)

29 | C:l’-p (hexagonal Manz.,t,ype) Bt
3. . C36 (hexagonsl MgNi,-type)

| The differences in the three arise from the stacking of the
vclo;é;ﬁagked layers. . The stacking sequences of the MgiZny,
MgCug, and MgNiz structures are ABAB..., ABCABC..., and
ABACABAC:O., respectively. _The‘ClS structure is face-centred-
cuﬁic;.the A atoms lying on a dismond-cubic lattice with B atoms
stéékéd as tetrashedra. This structure has twenty four atoms
(8" formula units) per unit cell (figo 1, 6) and belongs to the
space group FdBmaOh Each A atom is surrounded by twelve
nearest-nelghbour B atoms at a distance (a f_i/S) and four next-
nesrest-neighbour A atoms at (a f_yh)o Each of the B atoms have
éix other B stoms as neighbours at (a JEVA), and six A stoms at

(a fii/8). Appendix-1 gives the radii and the multiplicities of




FIG.(1.6) C15 Laves Phase Structure.
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the fifsf 40 shells centred on A and B atoms. The Cl4 hexagonal
phase contains L formula unlts per unit cell (twelve atoms per
unlt cell)a The 036 hexagonal phase contains twenty-four atoms
' pef'unitwcell (8 formuls units),

'The pioneef work on the three etructures was performed by
Laves (refso 1.22, 1.23) who extenéedAtHe ideas of Goldschmidﬁ
'(ref,ii;?h).on ﬁhe‘importapce of ionic radius ratios on the basis
of ‘a-hard aphere model with A etoms.in mutual contact, the ideal
Laiee:eeructgre fequired.;he rotio of stomic dismeters da/dg to
be equsl to 1.225. Tsking the Goldschmidt radii of pure elements
as'indieet;ve ef the "eize" of the_A and B atoms, it is found
that in practice the.repio RA/RB can vary from 1.05 to 1.68
(refo loé55 in the formation of staele Leves phase compounds.
Whenlﬁhe;compoupds are formed with the Laves structure it appears
thet‘ehe ionic radii either "expand" or "contract” in order to
&pproachgthe ideal ratio 1.225.  The impertance of the size
. faeior’ia the formation of Laves coﬁpounde can be summarized as
foilows krefo 1.26)¢ “ ”

1.;‘ Theiatomic radius of the A element has to be larger than the
‘radius of the B element, S S

2;‘f The two elements must be able to accomodate their radii to
approach dA/dB = 1 225,

. It is generally thought (ref. 1. 25) that while the radius
raeio is crltical to the formation of the Laves phase it is not
efﬁeeiive in determining which pf_the phases will be preferent
ially.formed; Rather it is the‘electronsaper-atom ratio which
is the dominant factor in this respect. This ratio is known
better perhape as the valence electron-éoncentratien and refers

to the average number of valence electrons per atom in the
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structure. For’example the MgCu,-MgAl o system has the MgCup
type stfuetqpelfor concentrations ofhi;BB - 1l.73 valence eiect-
rons per stom, the MgNip type for 1.84 - 1.95, and the MgZn,
pyﬁe:fpr'ztoj_->?.Q5. Such results clesrly show that the type
of‘Laﬁes phase formed is dependent en the valence electron con-
cen_trsﬁion°

Binary %ntermetgllie compounds“existing_yetween rare-earth
metals and -Co, Ni, Fe, and A having the MgCu, type of struct-
ure“héke been studied by several authors. The radius rstio of
‘thefeenstituentlgtoms of ABo (with Fe, QQ, Ni, and A€ ) is greater
than>the‘ideal value. Thus it ﬁouid seem that the rare esrth
atoms contact and the B atoms expand. . The lsttice parameters
of 1 these compounds are shown in fig. (1.7) (refs. 1l.26, 1.27,
1. 28 1. 29, 1.30, 1. 31) ~ This flgure shows the ssme systematic
decrease with incre351ng rare esrth atomic number as that found
e,injphe rare earth'elements themselves. The cerium compounds
'fSheﬁ éfiérge negative devistion from the expected value and this
is associated with the loss of the one'hf electron of cerium to
,the cohdﬁction band lesving the ion quadripositive (ref. 1.29).
The 1attice ‘parameter of EuACQ is large, (ref. 1.26) as expected
from the large atomic diameter of dlvalent europium.
g A pseudo~binary compound of the form (AN’ )B, or A(BB’)2
caﬁ cryefallize as a Laves_phaSe, and can‘maintain the same
stfueture over quite a wide concentration range. The pseudo-
biﬁary cempounds of the form AB2=AA{2 (A-e rare earth and B
trénsitienlmetel) show the effect of the changing valence electron
coneeﬁtrétion on the structure, whefe the structure changes from
cueic €15 (MgCus) to hexagonal Clk (MgZn,) and back again to

the €15 structure with increasing AL content (or in other
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.wogde-ﬁﬁg;pumher'of»free electrons (refs. 1.32, 1.33, 1.34).

We have Seen the some effect in Gd(CoA€ )5 as described in

'chahters 5 and 6.

1.3 Indirect exchange interaction

The Lf electron of a rare earth atom in the metallic state
‘cangnot undergo an exchange interaction directly with the 4f
electroﬁs_of a neighbouring atom. Becaoae of the high degree
ofulocallzatioh of the Lf electrons;.there is essentially no
ovérlap between the neighbouring ion cores, the mean radius of
the Af shell being small compared with the - interionic spacing.
The principal mechanism responsible for magnetlc ordering is
believed to be the indirect exchange 1nteractlon in which the
f.conduction electrons play a key role in allowing the neigh-
bodrihg ions to interact with each other. In this interaction
each Lf shell moment polarizes the spins of the conduction
eleétronshin the neighbourhood of the ion through a Heisenberg
| exchahge\interaction; | ’

: Thextheori of indirect exchange interaction was first
developed by Rudermann and Kittel (refo 1 35) for the case of
nucle1 1nteract1ng via the hyperflne interaction with the
‘conduction electrons. Kasuya (ref. 1.36) and Yosida (ref.l.37)
extended‘these ideas‘and obtained the so=cslled Rudermann,
Klttel, Kasuys, Yosida (RKKY) exchange interaction for materials

AN )

such as the rare esrths.

l.§?1’ The exchange intersction

The Hamiltonian of the exchange interaction between the

localized and conduction electrons has been treated by a number
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'of‘antho;s (refs. 1;38' 1,39; 1.40, 1ohl, 1.42, 1.43, lo4k),

following the work of Kasuya (ref. 1. lh) and may be written as:

i(K-K R,
sf = - NZ Jsf(K K' e ) )5 '

IR ‘. 1 - X
. ((CKT XCK'T' - CK~L CK\'-}) Sn + CK* CK'# Sn + CK,» CKM‘S;)

- (1.2)
"ﬁhere o 2
sf(K K ) . ”.f -i(K K' )Rn,J%(r )“P(rl Rn) e x
v,((rl) ~ (r2 Re) ary drp (1.3)

whéfe QAK(r) e 1Kr 55 a normalized Bloch function, Cks KGK are
the creation and annihilation operators of the electron with
wave vector K, S denotes the spin Operator of the localized
shell‘electrons located at R with S* the step-up and S the
stap;down'Operator Jsf(K,K') is the exchange integral between
th%‘@ftelectrons of an ion and a oonductipnhelectron; known as
thé,éf‘exchange interaction constant. From the various approx-
‘inations the exchange interaction is usnally assumed to be .
;1sotr0pic and a function of K-K' = q'only. In many applic-
ations it is assumed to be independent of K and K' and is rep-
) 1aced by a constant term Jggpo

: The Jgr (q) approximation allows equations (1.2, 1. 3) to

: bé,written as:

Hgp = : Iar | 'r”Rni A (1.4) L
and " | JSf (‘I‘—Rn ‘ ) 8 % Z JSf (q) ei(ri-Rn) - q (105)

whefe’riﬁand Sy ore respectively the co-ordinste and spin
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Opérétoerf the i-th electron.

1.3.2 The RKKY Interaction

| Rudermann and Kittel (ref. 1.35) fifst considered the
indifectvcoupling‘of nuclear spins by célcuiating the second-
order perturﬁation of the energy using the hyperfine inter-
acéion analogue of the Héf interaction. Kasuya (ref. 1.36)
prépésed'that it was the important interaction for the case of
the rare;earths and Yosida (ref. 1.37) used it for the electron
spin'cdupling(in transition metal alloy systems. The relation
betWeen.the~RpK and K-Y types of calculations was given by
Vaﬁ Vleck (ref. 1.45). A detailed discussion of the exchange
cqqpling parameter was given first by Liu (ref. 1l.46) and by
| Wagéog and Freeman (refs. 1,47, 1.48, 1.49) who also investig-
ated ﬁhellongfrange:conducpion elecﬁrdn spin polariiation induced
bfjbﬁé sf intergction. fThe Lf electrons overlap the conduction
'eléctrdﬁsstrongly and the net Af spinlpolari;es the conduction
eléctrbhg via the sf interaction. This polarization has an
oséiilatbry component due to the Fermi distribution which res-
trictg the wave vector of the conduction electron sea that
~carries the polarization. This resultant polarigzation is
céfried Sver to the vicinity of other ions and then interacts
wiéh thexmoment of their ALf shells to produce an alignment of
th$“@§mentso |

P 1

iet,us consider the effect of the interactions of the

1oqaliieg spin moments S, and S located at sites R, and Rp
and'the conduction electronso Using second order perturbation

'théorY9 the effective exchange interaction between the two

5 -‘ e
spins is

+
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T KV L H | K f(K)-F(K') ( (1.6)
o 5?_','&( K 1 Byl % { E(K)-E(K') )

Substituting H e from equation (1.2), using the properties of
clesufe on the intermediate states'anderetaining only terms

dependent on the spin orientation yields, in operator form:

o = - 1 > 13l k) | 2 k)t (') ,ei(K”Kq.)(Rn“Sm)
S - E(K)-B(K') ‘

z . - - .
x (25, 8% + 5= 5, +5 5 ) (1.7)

_whefe f(k) is the fermi occupation function. This expression
was derived for the interaction of two localized sites. For
many lattice sites with localized“spins we may write:

‘Hnm = '.'Z J_(Rn-Rm) Sq Sp . (1.8)
_where the 1ndirect exchange coupllng constant is glven by,

TR, -am) Y ST 0 K,) F(K)e (K" i(m )(R,TR )
N?-- K, K ' of ' E(K)-E(K")

(1.9)

It is convenlent to define a wave-vector-dependent suscept=
V'ibllity of the conduction electron system X(q), which yields"
4 the response of the electron gas to.the exchange field of the

loealiZed spin. X (g) is usually defined by the equation:

x(q) .l f(R)-f(K) ‘ | (1.10)
Z EB(K)-E(K') - 7 . | o

ByneubStituting this equationvin equatipﬁ'(lo7) and replacing
Jsf(K,K() by J_.(q) for convenience and simplification gives:

H "1 > J '(ci)_.zvX(q)e?q(Rn'Rm) St S _(1°1}?

n,m,q sf.




=16=

~and . - | PO .
L B . -'—i ) .
- 9 (Ry=Rp) =Zq Jsf'(q)2 X(qle ‘q(%."am) : (1.12)

'Fo£5a-free electron gas in three dimensions (refs. 1.4, 1.50)

X(q) is given by the well known fungtion,

o ' 2 2
L} K -
'X(Q)ﬂ i {14- .l:Ef_.q__ L’"l ar 2Kf ” (1,13)

~.ﬁherefk£fis the radius of the cbnduction-electron Fermi
suéféée;?which is taken toLbe spherical. This function is
, shdwn:in fig. (1.8). f)((q) slowlyvdecteaées from the value
1.0 to %‘gs q changes from 0 to 2Kf.- At q = 2Kf, the slope is
infinite and for q > 2Kg, X (q) falls répidly to zero.

' Sub#tituting for X (q) from (1.13) in (}.12) and using the
RKKY approximation for J;f(q) to be constant (say '), the
summstion in Eqn (1.12) has been calculated by Kittel (ref.1l.50)

to -be the-foliowing;

: - Tz
\ ,_J,(R?-Rm) - 9_3512;__ ZF(2I'(:f (4&‘_1..Rm) | (1.14)
Where , . .
' :;F(x) _ sinx - x cos x . .‘. o (1.15)
' - " , A
A 'lx.s szan

This funétion is often referred to as the RKKY function.
,-Theiiqteractioniis thus of long range, decreasing as g=3 for
“large‘R'so that it is closely centred:abdut the ion site and
“‘oscillaﬁes with the period (ZKT)’l.' The lattice sum F(x)
varies for the different crystallographic structures and has

been evaluated by several authprs in connection with the
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intéréréfation of magnetic prOpertiés (see chapter 2).
. Yosida (ref. 1,37) considered the e plicability of the
exﬁrégsibn (1.1L) to the magnetic problem of the ion cores
interécting with the conduction eleCtronéo‘ He pointed out
thanphls expression does not adequately take into account
thékdééféase in J(q) with increasing q. He also gave the
formula foth(Rn-Rm) which is obtained by taking Jéf(q)z?C(q)
s qons;ag;_for q-X 2Kp and zero for q)2Kp Fig. (1.8)s Onme
ltthen.osﬁains: |
o ' ' 2_2 : : :
J(R <R ) = QT 2 [ ZZKff(Rn-Rm) F(2Kf (Rp=Ry)) (1.16)
: 2 Ep
Itlis seen that the exchange interaction decreases with R=?
.rathéf,tban Qith“R’3o The analysis above assumes that the
- conduction electrons have an infinite mean free patho.
De. Gennes (ref. 1.52) and recently Buschow (ref. lp5i) attempted
to take this into account by introducing an exponentisl decay
which is written as exp(-R/) ) where A is the conduction
‘electron mean free patho This maykbe introduced as a multi-
plying factor in the equations above. ' |
The ‘assumption that J f(K K') is defined solely over the :

electrostatlc exchange integral, as in equation (1.3), means
4:that the exchange energy is positive and this immediately
-‘impl1es that the net induced moment 1s parallel to that of
the local moment. However, anti-parallel net spin polarlza-
tlons are observed (see chapter 2). This necessitates the
Vex1stence of other exchange effects which give negative cont-
.ripptions to a total effective exchange coupling. Such an
Seffective exchange interaction-can arise out of the mechanism

' of interband or covalent mixing between the conduction and the




"local moment electrqps;.' Watson and Freeman approximated the

totallexchange integral for the s-f exchange interaction ass

3., t(K K1) = Jo (KK + I (KKY) & Jop (K KY)

J (K K! ) + J; (K,K* )

1nter
where JO(K;K') is the conventional electrostatic exchange
{inperaction;‘Jem(KéK')'arises from a process in which an

: eléctrpn in an occupied local moment level (with energyeghf49
| is emittédlinto a Bloch state K' and the created hole absorbs

a Bloch eleéfrdn K, and Jabs(K,K') is the abéorption process,

. Shaltiel et al. (ref. l.53) suggested that the mixing between

theufeeléctron and d-band of the host may be the most signif-
icént cbntribution to.a negative total~eichange.

.}',Recently, Campbell (ref. l.54) has suggested a further
possibility. He argues that the f-electron spin of the rare
.earth may create a positive local d-moment through f-d exchange

and that d-d interactions with other d-moments are then import-

amte |
| K11 the calculations up till n;k havé assumed a susceptib-
ility apprOpriate to a non-lnteractlng free électiron gas.
‘nWolff {ref. 1.55), Overhauser (ref. 1.56) and Herring (ref.l.57)
emphasized that the Coulomb interactions between the conduction
- electrons play an essential role in determining the wave=vector-
dependence of the spin susceptibility, X(q). The various |
calculations (ref. 1.55) indicate that the electron-electron
interécgion greatly enhances the spin susceptibility of~the
non;interacting elect’ﬁons° The electron gas is perturbed with
‘a magnetic field H giving the response (refs. l.47, 1.50)

M(q) = X (q) Hlq) (1.16)



'fNéw suppbse the response induces an effective exchange field

'prOportional to M(q), say‘u M(q), where V is a constant which

may depend on q. Then eqn. (1. 16) is replaced by,

M(g) =X (@) [_(H(q) + W M(q)] (1,17)
solving for M(q) gives

oM@ - m@(K@/@vRE) (1.18)
ifwhere the exchange-enhanced susceptiblllty 1s glven by,
%, (@) - A(@)/ (13X () | (1.19)

'.The susceptibillty is enhanced in value when V is positive.
As we”have seen from f;ga (1.3), X (q) in three dimensions

. -decreases monotonically as q increases, so that X (q) at low

fvalues of q is enhenced more than 9((q) ‘at ‘high values of qo

Glovannini et alo (ref.l.58) considered the effect of
"the enhanced susceptibility on the spin polarization for
various values of the factor, )) , above. They obtained an
increase:in both the amplitude and the range of the spin
'polarization over the free-elegtron RKKY form and used their
results to account for the g-shift and line-breadening due to
the rare-earth impurity in a Pd-Gd host. |
Generalizations of the RKKY inﬁeraction for nonspherical
._.Fermi'surfaces have been considered by several workers (refs.
- 1.59, 1;60; 1,61; 1,62). The theoretical work of Roth et al.
(réf, 1.59) shows the following general features. For spher-
oidal or ellipsoidal surfaces the interaction falls off w1th
distance as R™ 3, and the period of osc1llation is anisotropic,
',depending upon the length of the wave-vector which calipers
 che,Fermi surface in the direction of R. . There may be

seVerai_such periods, corresponding to different parts of the
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Fefmi surface. For cylindrical regions, and for flat regions

| *'59f'the sﬁrface; the range of the interaction may be consider-

~ably incressed, falling off as R~? and R~L respectively.
'Mbre detalls about the RKKY interaction are given ift - fefsa
1. l, 1.2, | _

| Finally; the polarization of conduction electrons manifests
itself in other ways. For example it produces a shift in the
4g-va1ue of the magnetic ions which can be determined by esr
measuremgnt and it gives rise to a hyperfine field which may
be;measured by nmr or Mossbauer techhiqueso For these and
~other observable effects of. the electron polarization see

chabﬁer 2e

.léﬁ: Hyperfine Interaction

ﬁ~Hy§érfine interactions have beén'étﬁdied for many years,
and are defined as those interactions which take place between

the atomic electrons and the nuclear charge and moment distrib-

' ,utionso".The hyperfine interaction is divided into two classes.

8¢ The“magnetic hyperfine interaction. This interaction

arises from the effect on the electronic magnetic moment of

the magnetic field of the nucleus. This field may be given by

|~y MG
”}{‘n = (Mg He) : (1.20a)
where/u.I is nuclear msgnetic moment, and He is the magnetic
field at the nucleus generated by the magnetic electrons
(ref.‘1,§5). For a free ion we can write pA; = &, n I, and
He = -(A/g, (3 ) J; so that equation (1.208)becomes.

qmee . o A . TI) (1.20Db)
n
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b; The electric interaction. This interaction represents

the electrostatic interaction between the charge distribution
~ﬂof a-nucleus and that of the surrounding eleetrons; for the
present work, only the magnetic interaction is considered in

detaile.

l.4s1 Magnetic Hyperfine Interaction

In magnetically ordered systems such as ferromagnets,
~ four types of interaction can be distinguished which may
contribute to the hyperfine field at the nucleus. These are:

‘-a.' The electronic orbital contribution which comes from

" ‘the orbital part of the electronic angular momentum.  For

the,lanthanides the:main contribution comes from this term
.iéxeeﬁt'for those_S-stape'ions like Gdo vThis is due to the
| ”faetvghat the éngular‘momentum is net quepchedo In the 3d

' tf;ﬁeieion series, where the orbital angﬁlér_momentum is
'-"qqepcheﬁ" by the crystal field, this term is ueually sﬁall i.eo

thiGauss for iron. = This field has the form:

. — EBB7T Mn
- - 7 _1. L. (1.21)
4 :’f‘b’. : 1 Ll 7\2 ’ .1"

b, ' ' The electronic dipole contribution from surrounding

ions. = This may be written.as
. ﬂ g B "(‘Mn S l (S. i B(Siori)(lori) ]
| 4 r{
(1.22)

It-is-generally relatively small (of the order of,th Gauss )

'.Qgﬁgﬁ@minfcubic~Symmetry‘drops out entirely.

'ie.f The "local" field contribution which consists of the
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external, demagnetizing, and Lorentz fields, and is given by:

’ = ‘ LP )
U Loo = Hoxe * 5 T M DM (1.23)

where D is the demagnetization factor and depends upon the
Shape of the sample and has a value 4 T /3 for a sphere and
270 for an infinite cylinder. M is the magnetization.

Id;JM Tne’$ermi_conpac§ contribution, which comes from the spin
deneipy at tne nucleus. This‘is the dominant term for most
systens where a transition or nonmagnetic impurity is dissolved

- in:a ferromegnetlc host. The interaction is between the nuc-

-_::lear magnetic moment and the electronlc spin den31ty at the

"nucleus, thls field is given by

Y. = 832 & ppa| YO | (1.24)
3

where '\AV(O)\z.is the'squere of the amplitude of the probab-
iiity density of the s-electron within the nuclear volume.

_ It;is'clear that only the s electrons have'nonnvanishing values
Cat (0] 2. The Fermi contact contribution can be sub-
divided into three components, which are cited below,

»a;‘ Core Polarlzation (CP) (in clésed shells), which results

from the contact interaction with the unbalanced spin density

of'the ion core s electrons st the nucleus,

b. Conduction Electron Polarization (CE?) can contribute

to the effective magnetic field at a nucleus by a direct
contact interaction of the nuclear spin with the s-like part
“of:the epin polarization,

A'c; o Contrlbutlons from the admixture of s-character into the

- magnetlc shell (e.g. 3d, 4f etc.)
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The total hyperfine interaction can then be written

"ﬂ =. if)_(g/in_ Io{ |"\P(O)\2 S +Z H) - S5+ (Slr 3]+Hloc

1

(1 25)

i g“spherical doma;ns, ngé Wlll be zero. We may write the
expression in curly brackets in (1.25) simply as a vector N

so that (1.25) becomes:

H = 2pwh (I (1.26)
This is equivalent to an interaction

o R (B T) , (1.27)

1&@;2 Core Polarization and Conduction Electron Polarization

"Thejcontact interaction is genérally the dominant mechanism
producing hyperfine-fields at the impurity nuclei. ' There has
. 1ong,been known to be competition betweenvcore polarization (CP)
and conduction electron polariiatioh (CﬁP) at the impurities in
férromagnetsol For nonmagnetic impurities, it is generally
accepted that CEP is the dominant, and in some cases the only,
,mechénism. The CP field which results from the contact inter-
action with the unbalanced spin density of the ion core s-elec-

trons at the nucleus can be written as

Hep - - -2-—75 gs 3 (] a|” - V1P s (1.28)

whereithé spin densities are evaluated at the nucleus, and S

is the total spin for the ion under consideration. The effect
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_pffthe.exchange interaction is to attract the core electrons
with spin psrallel to the net spin of the magnetic shell
(spin4 ), whilst repelling those of antiparallel spin. This
means that for inner closed shells, there will be a net contri-
bution to the hyperfine field, whilst the contribution from
Outer shells will be positive. The QEP can contribute to the

. effective magnetic field at the nucleus by a direct contact

”-,-inﬁéréctipn of the'nuclgap spin with the s-like part of the

‘Spih’polarization; The field due to the direct contact of
 5—1ike conduction electrons can be written as:

L 2 '
HCEP - %ﬂ ’ gOWcs(o)\ < s> (1.29)

.Where Z is the number of conduction’ ‘electrons per ion.

N ‘ In order to explain the occurrence of hyperfine fields at
‘_tﬁe nuclei of nonmagnetic impurities in ferromagnets it is
neééésar& to ﬁave a mechanism whereby the_QEP of the host can
be carried over to the region of the impurity. The_work of
'Ruéérmann, Kittel, Kasuya oand Yosida has shown that the conduc-
tidﬁ>31éctrpn polarization CEP interacting with the nuclear

spin via the contact term, gives a hyperfine field.

C | 1l q ‘,t B U R ) H

H o = Jn (A () (TUg) F(qletdr. s

hE T g Bn 8EFN " Z P )
(1.30)

= - ATZ T A0) T LFREf Bp)<ST (1.31)

&, BnEr!

~ For mbre details see chapter 2 and chapter 6.
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'”1;L;3 Experimental methods and results

‘ The‘qppventional.methods for observing hyperfine inter-
| 'édtiqns hav§ been“desqribedddpvphe literature. The experi-
‘meﬁﬁal.methods which are important for méasuring hyperfine
‘fieids iﬁ magnetic materials are,; specific heat§ Mossbauer
Jd'*efféét; angular“corrglapion of X-rays and resonance methods

V(WHich ihclude nuclear magnetic resonancé and electron para-

:hagnetic resonance). In this thesis we discuss nuclear mag-

. netic resonance spin echo (see chapter three) in detail.
‘Thé{qthef methods have been discusséd extensively by several
'authbfs;‘ For details. and references see refs. 1,67, 1l.68.

.dAThé magnetic hyperfine field contribution (section l.k)
in,fhe-rére earth metals, alldys and compounds has been the
. suﬁjéét df several authors. (In the sbecific case of the
ingéfmetéllic compounds of the form ABp the hyperfine field
atbthe B nucleus will be discussed in chapter two and six),

In general the magnetic hyperfine field acting on a

rare earth nucleus can be written as

th = th + HCP + HCEP + H (lol)

where th is the hyperfine field produced by the Lf electrons
in thelr direct interaction with the nuc leus, Hcoré is the
hyperflne field produced by the closed shells which are

deformed and polarlzed through the interaction with the L4f

,electrons and Hy is the hyperfine field due to the polarization

offconduction electrons, covalency effects, and direct overlap
of the bf wave fynction. When J is a good quantum number,

the ionib th"cphtribution can be given by (ref. 1.63),
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-.HM. - gMB "3>(J 1y N ) 9> (1.2)

V'where < r'3>> is measure of the radial distribution of the A4f
, eleetrQQS'and has been ealculated for free ions (ref. 1.64)
<3I\|.N\\4J> is the cenversioh factor in the operator equiv=-
- 31eﬁt:technique developed by Elliot and Stevens (ref.1.65)
'wheﬁaieo tabulated the values for the rare earths.

The contribution from core polarlzatlon was estimated

f by Freeman and Watson to be -(gJ - 1) J = 90 kOe (ref.l.66)

| or -(gJ - 1) J = 100 kOe by Bleaney (ref. 1o64). This term
is the’ important term for Gd and Er, and is negligible comp-
,ared”w1th the observed fields for the other elements.

‘VBleaney_first discussed and calculated the free-ion

hyperfine interaction for the tripositive lanthanides in
deéeil (ref. 1469)ov The measurement of the hyperfine inter-
_ acﬁions in.rare earth metals gives results which are very
close to the free-ion values in the case of the heavy rare
. earths as may be seen from table (1.3). This indicates that
”_the crystal-fleld interaction is much smaller than the ex-
: chenge 1nteract10n, and also that the orbital hyperfine field
is.muchwlarger'than the contributioh from the conduction elec-
'tron polarlzatlon, In Gd and Eu metals the conduction elec-
tron polerlzatlon field is relatively large.

Using the Mossbauer effect, Hufner and Wernick (ref.1.74)
-studied‘fhe hyperfine field of Eu metal as a function of dilu-
‘4t10n w1th Yb and obtained the results listed in table (1. L)
 Zmora et al. (ref. 1 75) have determlned the varlous
_coqtributions_to-the magnetic hyperfine field in Gd metal

hfrom meaeuremente of the hyperfine fields acting on Gd and
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4[Lu"nMCIei»in de-Lul' alloys, using the perturbed angular

” correlation techniqueo. They found that the effective field

 varies linesrly with concentration, and at the same rate, at

both the Gd and the Lu nuclei. This variation with concent-
ftration wps attributed to the effects caused by the polariza-
tion of the conduction electrons by the surrounding ions.

The Gd effective field for x = O is equal to (-90 X 20) kOe,
"Pahd may. be attributed to the sum of thé core polarization and
of ‘the conduction.electron polarization by the ion itself.
This. value is in agreement with that obtained by Hufner

(ref. 1. 76) see table l.l4. |

: .Itoh et al. (ref. 1.77) have used spin echo measurements

to:oooerve the resonance in 1°°Tb and 163Dy in Tb-Gd, Tb=Dy
. d;bf;Gd alloysoA They found that the hyperflne flelds at

. hein and Dy nuclei vary by roughly the same amount per unit
i.varlation of the average spin S of the slloy while the reson-
ancéviinc width was nearly the same throughout all concentra-
tionszof the alloys. They attributed this result to an almost
uniform polarization of the conduction'electronso The hyper-
fine fields of 165Ho at different concentrations in Gd, Tb and
Dy have'teen extensively studied by McCsusland et al using

spin echo measurements and have been discussed by Bleaney

(ref. 1.78) and Taylor (ref. l.1) and Guimarses et al (ref.1.79),
The results provide further evidence of a linear shift of the

' hyperfine field with concentration as shown in figure (1.9),
:and_have:shown that the NMR frequency can be represented by

the formula;

8, = 6602 - 73 (g4 - 1) J + 1.1 g3d
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3 The hyperfine field in rare
earth meﬁals
Ln  Free Ion Reference Metals = Reference
T (koe) (kOe)
sm 3390 * 30 1.70 3,30 2 170 1,70
6 N6t 3 1.70 371 % 20 1.71
- o | 37 L 9 1.92
> 3139 £ 31 1.70 3068 1.72
Dy 5700 %21 1.70 5768 1,73
Ho 7,0, £ 9 1,70 73,4 ~ 6 1.78
" 7640 £ 80 1.70 7730 % 2, 1.70
6705 * 85 1,70 6420 £ 280  1.70
1 4 C
"‘ _;?gpié’l§L Estimated contributions to the
T | hyperfine fieidlin:Er, Gd and .
Ho metals -
| 'Eu- ' Gd o Ho
(ref.1.74) (ref.1.76) (refol.1 )
Core polarization,(kOe) -340 - 340 7430
Conduction electron. | | ’ |
polarization by Lf electron.(kO@) 190 250 120
Neighbour effects: Conduction |
¢oyérlap'+'covalency(\<0¢) -115 f260 =170
Experimental valﬁe for metal =265 -350 7380
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- The last term is the contribution from tﬁe Lorentz field,
while thé second term is pfoportional to the mean value of
-,(5j-f ;)J:averaged over.the»relativé c§n§entrations, In
.their}heaSﬁremgnpé, they:obtained the value a §.6h50 MHz

(ref. 1979)0 The hyperfine contributions for Ho are shown in
tasble (1.9). | Finally Bailey (ref. 1.80) observed from spin
echo measurements that the magnetic hyperfine parameter a, of
hoimium changes linearly ﬁith the average value of (gfl)J in

the ferromagnepiq HO o1 Gd Lux alloy system. This

0,99-=x
relation is thought to be duzgto the polarization of the
conduction electrons by the localized LI electrons.

The hyperfine field at the rare earth nuclei in inter-
metallic compounds in the AB, Laves phase are of approximately
thé same magnitude as in the metal whenever B is non-magnetico
On thé oﬁher hand, when the element B carries a magnetic moment
theleffective fields are substantislly different, and show an
inéfease of several hundred kilo-oersteds in relation to those
4in metals. This increase has been observed using the Mossbauer
effect on SmFe, (ref. 1.81), TbFep (ref. 1.82), DyFep (ref.1.83),
ErFez.(ref° 1.84), and nuclear magnetic resonance measurements
have been reported on GdFe, (ref. 1.85), and HoFep (refo.l.86).
Thé iarge positive value for the Gd:hypeffine field in GdFe,

'is about 800 kOe larger than the value in‘pure Gd metal

gréfo 1.85), Gegenwarth et al. (ref. 1;87)‘measured the

i hyperfine field in several gadolinium cbmpounds using the
spin echo technique with the results shown in table (1.5).

The different values of the effective fiélds at the 'Ln nucleus
in cubié Laves phase LnFe, compounds may be due to the polar-

‘ization of the conduction electrons by 3d ions, or to overlap
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Table 1.5 Gd hyperfine fields in

various compounds

Compounds. , : Hyperfine field (kOe)
GdA o ;170
' GdRh, .103
- G'drl"pz'_ s | 180
GdFe, 453
Gthéj.‘: | 385 £ 30
GdN o 370

Table 1.6 Contribution to the magnetic
C hyperfine field at Gd nucleus

e in GdA€2

Core polsrization =320 2.20 kOe

Self CE polsrization 186 * 20 kOe
_ Neighbour'effects _

(dué_to A atoms) ' - 22 % 2 kOe
'Neighbour'effeqts

(due to B atoms) _ 0 kOe
.Total Experiméntal -158 2 0.3 kOe
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and cevalency effects, or to a mixtufe of the two
(ref. 1.78). |
| NgM;R; spin echo messurements have been used on 165Ho

.in:intermetallic cemeounds of the form -(Hox'Gdl;x)Xg9 where

x = Fe, Co,:Aer{ref. 1.88). In the Fe, compounds the hyper-
fine field is a?QHtVSSOere higher than in‘_Af2 compounds and
“about SQO kOe higher than in pure Ho. Bailey has investigated
- three eamples of the_series HO;OB Gd0;97 (Fe Col;x), with
= 0.1, 0.3, and 0.99, by using spin echo measurements
.(ref; 1.80). Satellite structure was clearly visible in
-eaeh sample indicating that the transferred hyperfine inter-
"aeéien from 3d ions is eesentially a nearest-neighbour effect,
. ' Recently; the hyperfine specific heat measurements of
:'Bloch et al. (ref. 1. 93) for the Ho nueleus in HoCo, yield
the value of the hyperfine field equal to (0.316 * 0.005)K.

‘ Dintelmann and Buschow (ref. 1.89) investigated the |
‘*.hyperflne field at the Gd nuclei in (Gd, Yl_ )A( and found

| that the hyperfine field changes linearly with concentration,

f1gure (l 10) giving a value at x = 0 of:

, th (x = 0 Gd) = - (140.4 % 6.7) kOe

Ho@évernthe‘Gd?hyperfine field in pure GdAQ2 = =(162.4 I 407)

‘koé, eonsequently the contribution of neighbouring Gd ions to

the Fd hyperfine field is -(22 * 2) kOe. A summary of the

various contributions to th on GdAQZ is given in table (1.6).
| Finally, Mossbauer studies (refs. 1.90, 1.91) of the

- hyperfiﬁe field at the 1931? nucleus in Lnlr, show that it

'is_epproximately preportionel to (gj -=1)J as predicted by the

Kasuya, Yosida model of conduction electron polarization.
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'The variation is shown in figure (1.11), from which it can
be“seen~£hat the results extrapolate to a hyperfine field
:stféhgth'pf ~170k0e at (g& -1)J = 0. This can be interpreted
in terms of other contributions to the total field; which are
nearly independent of the ionic moment; or to the variation
of ﬁhe é%chengg gonstéqt T describing the exchange inter-
écﬁion; Atzmony et al;d(ref. 1090) attempted to fit the
eiperimental dataAby»allowing for a change in [ using the
‘relation for the paramagnetic Curie temperature (chapter two,
équétioh’2§3),” Eliminating V from the Curie equation and
using the expression

P (f) = 9;2 2 ¥ (gj ;1) ji:(F(zKF\ Ry ; Ry |\ ) Jg

for the conduction eleptron polarization leads to the

reiation:

A /2
P(r) = constant {QJ / 3 - lﬂ /

This was considered to represent the data more sétisfactorily
than did the simpler relation indicating a proportionality to

o (gj - 1), and assuming a constant Y o
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CHAPTER 2 |

A REVIEW OF THE MAGNETIC PROPERTIES IN RARE EARTH
INTERMETALLIC COMPOUNDS

N This chapter is divided into three sections, the first
desls briefly with a simple theory which will then be applied
to thevinperprgtaﬁioﬁuof_phe magnetic properties of the rare
{-eéfth-wAldminiph.compounds in the second section, and to the

‘rare earth - 3d compounds in the third section.

2.1 Brief_Theorz:—
A:In rare'éarthfmetals and intermetallic compounds, the
Aindireét'exchangé intéfaction_between-rare earth spins via the
A;a_cénaﬁctiqn'electrohs is be}iéved to be an important mechanism
for providing the neceésafy coupling required for maghetic
ordering (see chapter 1). This may be written
 Hgy = -Ts.S . 21
where s is the qonduction - electroh spin and S is the localized
Lf. - electrén spin. |
As we have seen, under the assumption of a spherical Fermi
‘surface;Lthe.RKKY interaction generates a conduction - electron
_ Spin polarizatipn which falls off and oscillates with the distance
R from the polarizing rare - earth ion. " This pélarization is
prOportioaai to, |
| F(x) = (x cosx - sin x) /xk

202

ﬁhere-Kf is the wave vector of the conduction electrons at the
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, Fermi ;urface; ?hé conduction electron polarization produces
aviong;fénge'indirept‘coppling between the spins of the rare

~ earth ioﬁs; ~ In terms pf the moleculaf field theory, de Gennes
(ref. 2};) anq_Rochér (ref. 2.2) have shown that for compounds
of the same cryStal structure and having the same number of free
elecﬁfqns»per magnetic jon, the paramagnetic Curie temperatures
vary as (gj - 1)2'J(J + 1) The péraﬁagnetic Curie temperature
1.15,'according to de Gennes: |

Bp - BTZC (o 1)2 50 + 1) 2 F(2KBpy) 203
LKEp ;T |
nFm

” whéreizhis tbe number of conduction‘electrons'per atom, Ep is
: thé Férmiienergy;_gh@ is the distance between the rare - earth
~._iohs and k_§s Boltzmann's constant. |

~  Ahothe;'éffeét of the conduction_electron polarization is
to ﬁroduce an exce#s Knight shift because the polarization of
_thé electron cloud is seen by the nucleus. The Knight shift
.fK(T).éonsisté of a sum of two terms, the non - Af (Ky) and
'*Af,(Kf(T)) contributions. |
K(T) = K, + Ke(T) ' 2ol

K, is tﬁe Knight shift associated with only the conduction -
eléctrqﬁ.bands, which srises from the Fermi contact.hyperfige inter-
acéion with S ; 1ike conduction electrons (egn. 1.29). The

term Kf(T), due to the presence of the Lf electrons, arises

from an interaction of the form AL, AS> where A is a hyperfine
interaction constsnt, I is the nuclear spin and {S ) is the
time;averaged value of the rare earth 4f spin component of the

'angular momentum {J > Since J is a good quantum number,

S must be projected on to J, giving
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AT . s . AL.JILs 9>
J(J + 1)

and in terms of the Lande factor g4 We have (ref.2.4)

- 1) AL. J

A-A I.S = (gj.

fThe;mostﬂgenéralxexpfession»for K :A(T).
is given by:=-

K(‘I‘) = Ko + (g - 1) H K (T)/Ng;Mp 206
A J' hf 7T j

where th (= A/m‘h) is the hyperflne field per unit spin, S
Y is the nuclear gyromagnetlc ratio, N is Avogadro's Rumber,
";lazis.the Bohr magneton, and7(f(T) is the f elec€ron suscept-
ibilipy'per_rare éar;h ion. In terms of the uniform conduction
““éiéctron spin polarization (refs. 2.5 and 2.6), the resulting
| 'Knightishift is given by, |
Jsf(gj = 1) X (T)

2635 pAg°

K(T) = Ky (1 +

2.7

- Slnce Ko is, to a good approximation, independent of temperature

"whereas ?f obeys a Curie Weiss law, measurements of K(T) together
with CKF(T) permit an estimate of J ¢ from a plot of K(T) versus
.7<#(T) with T as an impliéit parameter. The linearity of K(T)
versus?(F(T) behaviour is well verified experimentally (ref.2.3,

2;6)2 ~ For 2 model in which the conduction electron polarization
is.non;uniform we may write

Jgp = éT\' Fz ; F(2Kg Rom)
h . 2.8

Qﬁére R, represents the distance between a rare - earth ion

and 2 non-magnetic ion at the origin.
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A similsr shift occurs in the electronic g value due to
'the conduction electron polarization which was shown by Yosida

(réf{ 2.7) to be given by

_A__s_ = 3!’1 Jsf/2 ‘n'f SJ'EF = - f | 2 Jg: .209
& 8 "r

The ex1stence of the exchange 1nteraction equation 2,1
ﬂfleads to a spin-dependent, electron - scattering mechanism which
B results in s spin - disorder contribution to the total resiste
ivitye. The form of this contribution has been -examined by
.sevérélAauthors (refs. 2.1, 2.2, 2.8) and it is generally
-accepted that the spin disorder resistivity ( fg) in the para-
magnetlc reglon of the conduction electrons is given by:-

,OS - (31-(N1\'f‘/8’7\eEF) r (g S I+ 1) 2.10
F1na11y, the exchange interaction between the locallzed rare
‘esrth spin S and the conduction electron spin s (eqn. 2.1)
leads'tdla conduction electron polérization which interacts
with the nucleasr spiﬁ via the Fermi contact term, giving a h&per-

fihe field contribution {(refs. 2.1, 2.7),

Hy, = O TLZ°A(0) s> ZF(sz R.) 2,11
' hEp 8N My -

3 an&”for' , 27ﬁe in intermetallic compounds this equation becomes
(refs. 2. 9, 2.10)

th = (Const) A27(0) r '(83';' 1) <J'> 2,12
Ep

2 -~ (Rare Earth) Al, Compounds

'-Magnetic properties of the - AA(2 (A = rare earth) inter-
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mgtaliiéicogpoupq§ have been studieé extensively during the

last fifteen years. These investigations have included nuclear
'ﬁégnetic resonance (NMR); Knight shift and Electron spin reson-
'1éncé (ESR) studies (refs. 2.5, 2.6 and from 2,11 - 2.15), studies

of magnetic transition temperature (refs. 2.16 - 2.20), suscept=-

'ibility}(refs. 2;i1;v2°22}{ and resistivity (refs. 2.1, 2.7, 2.3).

This work has been conducted in an attept to illuminate various
.‘aqpedtsfof the interactions between the presumably localized rare
lqérth'§pih§‘aﬁd the electronic conduction bande Magnetization
Txrefso 2;16 - 2,18) and neutron - diffraction (refs. 2019; 2.20)
me asurements verified that most of thé compounds order ferro-
.maénetically helow a transition temperature Te. Several groups
'(refso 2.10 Re24 - 2. 26) have studied the 2/A{ hyperfine inter-
'actions in ferromagnetic the phase of :GdAl,. Kaplan (ref.2,9)
descrlpes an_extgns19n of the 27 ¢ hyperfine figld study to the
ferromégnetic phase\ofﬁcompounds with non = S5 - state ions,
“‘ranging‘fromﬂ PI'AQQ up to hHo&ez,fwith the exception of :EuAezo
; This thesis describes the hyperfine field of the R7A€.
in GdAf,, Gd; Y, Al, and Gdj_ Lo Al (x = 0.1, 0.2, 0.3, O.4)

by dﬁing NMR spin echo, and the e.s.r. g - shift in GdléxYfozi
| The  Aﬁf2 compounds all possess thé cubic laves phase (C15)
"strugture,(éhapter one ). These compounds have been shown to
beiferromagnetic by Williams et al (ref..2.16), with the excep-
tion of those of La, Lu, Yb which do not order in YbAl, the Yb
is divalent and hefice its Lf - shell is full). They found

v..from susceptlblllty measurements that the Curie temperature

'Jhaa a maximum value 176°K for (GdA( , and that the variation of
B thevCur1e temperature across the ‘series is proportional to the

' de Gennes function G = (gs_ 1)2 J(J + 1) (cf. eqn. 2.3) for
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- thé compounds with.heavy rare earth elements (fig. 2.1). ~ The
AIV&rdéring temperatures of the compouﬁds with the light elements

. do not fit 'so well into ;his‘generai patferno fCeAfz has been
- shown to be antiferromegnetic with a Neel temperature (Tn):
below L°K (ref. 2.27). Thgnrecent measurement of Niculescu et al
(.refﬁ.' 2.?2)“'for‘ mg “x indicate that in "Ce A(z Qp = ,., 7 K and
thé molecu1ar moment = zoéh)*Bo Mader and Wallace (ref. 2.28)
‘deducg‘from sugceptibility measurements that Bu in 'EuAez is
. divalent and found T, Iy = 15 K and 9 = 0 K, 4
: Stalinski and Pokrzywnickl (refo,2 29) studied the suscepta
ibility of ‘GdAfz above liquid nitrogen temperatures and reported
a moment of 7.88 My, Bp = 171.5 K, and Tg = 171 K. Hacker et al

2vs To

(ref. 2. 30) found that T¢ = 167.8 K from plots of o
. The magnetic studies of Buschow et al (ref. 2.21) yielded values
  Qf:6;waC:_and4L&eff, all of which are higher than those of
Stalinski and Hacker. The measurements of Deenadas et al

(ref. 2.31):indicété that an unusually broad magnetic contribu=-
tibﬁ'ﬁ&rthe heat capacity existS‘ in é@dAlz. Their data shows
S a peak at 153 K with essential completion of the magnetic trans-
1t1qa at 170 K.  On the basis of re31st1v1ty snd thermoelectric
"-pdﬁer measurements, Mydosh et al (refso.2032, 2933) reported
Tc = 151 K, Which_was in agreement with that inferred from the
.Knight shift by Jones and Budnick (ref.2.12). Vanm Daal and
Buschow (ref. 2.23) also studied thé.res;stivity of iGdA(Z and
repbrted'TC = 173 K.
‘ - The magnetigzation results of these compounds suggest that
_'thé values of the molecular magnetic moment are generally less
than those corresponding to. the free tfiva}ent ions the reduc-

tion normally being attributed to cfystal field effectss
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Nereson, Olsen and Arnold (refs. 2.19, 2.20) studied the Dy, Nd,
and Pr c ompounds by neturen diffraction and confirmed the ferro-
magnétié4behéviour at low temperatures. In iDyAfz they observed
'eXﬁ#a:peaks at-tempeéaturgs below 24 K and suggesgéd that the

| ,gompqqu $hqwgq weak hgl;cal_antiferromagnetism ;ﬁ addition to

| ferromagnetism; : Tbe ordered moment of 901;455;3ndidated by
thiétﬁork, is within 10% of the free ion value.énd it is concluded
=that>crystal field effects play little psrt in determining the

- dysprosium moment in TByAezo '

v '“Msghetostatic meaégrement on pseudobinary‘compounds of
formula‘AKAeé - show that the moments of the lanthamide ions A
‘end A' are anti-parallel when A is a heavy rare - earth and A
is'a 1light rare - esrth (ref. 201650 These alignments have
csﬁfifméd that the rere - earth ' ions interact via a ferro-
magnetic spin coupling since the observed magnetization for
'.compounds such as (Gd, Nd)A£2? corresponds to a ferromagnetic
coupling of the two types of moment.. - This follows directly
-gihce'the ionic moment is proportioﬁal to the total angular
| momentum J and this in turn is given by J = L - S and J = L + S
for“the_light and'heavy elements respectively. Pseudobinary
work on_the compounds :GdAﬂz,'inAQZ and lErAQZ with the rare
esrth psrtially substituted by ¥, La have been used to identify
.th§ exchangg coupling with RKKY theory (ref. 2.21), Figo(2.2)
'shqws the varistion of the Curie temperature in the series
"’(Gd;Y)Afzu_(Gd, La)ﬂzz.; The Curie temﬁerature shows a linesr
decféasé to zerb ﬁith increasing Y o La content as may be
 expectgd on the basis of simple dilution effects in eqn. (2:3)
" In an evaslustion of the rare - earth conduction-electron

4'-exchange interaction, Jaccarino et al (refs. 2.5, 2.6) seems
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to'be”the picneer_in_this field. ﬁe was able to determine the

u‘aigﬁjaad‘magnitude.of the conduction electron polarization aris-

ing from the exchange interaction between localized f electrons

e»v:and:the'COnduction electrons (s - f interaction), by using the

vKnight.ahift of the 2740 nucleus st the AL site ond using the
g - shift in ESR at the rare earth site. These results of ESR
and NMR experiments have shown that the s - f interaction is
negative,_andAthat the amplitude of the spin polarization at the
aluminium site is also negative. Several workers confirm this
: ﬁegative;interaction using Knight shift measurements, The values
of for all the disluminides have been collected by Jones (ref.2.3)
and'arejgiven in table (2?1); The fractional change in g value
| provides direct evidence_for the sign and magnitude of Jsf? In
contrast to the observations of.mosﬁ workers using pure compounds,
Coles et al (ref. 2.34) have recently reported positive Ag
vaiues, and hence positive J of in gadolinium - doped ZLaAf;
(see chapter three for more detail). .

Other ev1dence for the relatlve magnltude of J af arises
frem the results of spin disorder resistivity, eqn. 2,10, and
cthe-feddction of the superconducting transition tempersture in
'LaAezn by addltion of the magnetic rare earth elements.
- Since the exchange constant appears a8 the square in both methods,
.jno 1ndication of the sign of the conductlon electron polarization
is foundo Van Dagl snd Buschow {refs. 2.23) have measured the
electrical resispivity of all the ﬁAAez compounds. Using the
values of Ps obtained from this investigetion, along with the
kncwh Curie temperstures, the value'of m* and ¥ were obtained
ahdffound to be in close agreement with those of other workers.

| Similarly'the depression of the superconducting trsnsition
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Cea?, | Pral, zn%m smad, | Gaal, ..H.E\N Dy At xm%m mwim Tmal, Eiw
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ni 8 = from Knight Shift
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Table 2.1 The exchange constants Jgp and (V" ) for rare earth A¢, compounds.
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iemperatufe by the addition of rare - -earth impurities.- (réf.2.35) .
 indicatés a-variation of the exchange constant across the series
,which is consistent with.that obtained using the other techniques.
- Finally Keplan et al (ref. 2.9) have recently calculated
for most of the series (Table 2.1) from the conventional relation
between the hyperfine field and I, eqn. 2,12,
Although the magnetic results have shown that an RKKY type
‘of interaction is responsible for the observed properties, it
shpﬁld be pointed out that a negative yalue for Jsf (snd henceV ),
the excﬁange integral,is incompstible with simple RKKY theory
sihce tﬁis integrsl is, by nature,; positive, (see chapter one).
Thié'broblem has received attention in the theoretical calculations
by Watédn et al. (ref. 2,36§ who considered the considerable mix-
ing}bétween the conduction ; electron states near the Fermi surface
'aﬁa7the"hf.states;below and above the Fermi level. The result
. df_this interband mixing is a raising and lowering im energy for
| thé:éOnduction electrons having their spim psarallel and anti-
'}pafallél ﬁo.thé localized moment spin, respecﬁivelyo In this
.ﬁay, aAnegative conduction electron.poiarization is produced which
| giVes'rise to an 8. S interaétion obposiie in sign to the exchange
ié%eréralg.' The relative strength of both contributions deter=
"fmiﬁes the magnitude and sign of the éffective exchange interaction.
Wétsoﬁ et él. carried out numerical calculations of Vv as a func-
tion of the Fermi wave vector Ko They found that for large K¢
ﬁhe‘cbnpributions from imterﬁand mixing dominate over the exchange
integral#{ In the present case of theirare earth disluminides,
th? indicstion is that the interband mixing contribution is dom-
inant (ref. 2.37).
In addition to the determination of Jsf’ the 27pd Knight
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shift observatidqs_may.be used in conjunction with the para-
magnetié susceptibility data to derive the strength of the 27aL
hyperfiﬁe field below the Curie temperature. Jones and Budnick
(réf. 2.12) obtained a value for the 7A€ hyperfine field at
Le2 K of - Aé‘kOe, by: using the measured values of K(T), K, and
X (T), for 27l in (Gd AQQ, Budnick et al (ref. 2.88) have
reported phe observation of the R7al resonance in (GdAez at

49.2 Mz and'h.Z;K by using a spin echo system. These results
sgreed very well with the recent results reported by Dintelmann
et sl (refs. 2.2L, 2.26) and Shamir et all(refa 2.25) both of
whom_observed two 274 resonances at 4.2 K, with frequencies
of‘L9,5 and 60.6 MH; respectively. The appearance of two lines
was interpreted in terms of two inequivaient sites for the Al
ions in‘CGdAeZ; with the Gd spin sligned along the (111) direce
tion. This approach was first introduced to account for the
Moésbauer effect observations in 2rFe, and TmFe2 (ref. 2.39),
the differencé‘in hyperfine field.strengtﬁ arising because of
th; spatial~distribution_of B atoms in the AB, cubic laves phase
comﬁoﬁﬁaso ' , -

 Keplen et al (ref. 2,9) studied the 27Tp€ nyperfine field im
ﬁﬁez (A = Ho, Dy, Tb, Gd, Sm, Nd, Pr). They found that these
. fields are ﬁroportional with (gj - 1) J. They were able to
dé#ermine the easy direction for each compound according to the
number of lines in the spectrum and the intensity ratio of these
1ines; - The intensity ratio is predicéed from a coﬁsidération
of the number of atoms occupying the equivalent siteéo The
vderived values being (fig. 2.3), {111) easy, two sites with
three stoms in one snd one in the other, intensity ratio 3 : lo

(110) easy, two pairs of inequivalent sites and consequently
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elylye
_‘the_spectral inten%ity ratio 1 : 1.
- (100)'easy,-all sites are equivalent and only one resonance line
is found.
- Table (2.2) shows the easy directions for @AAfga

Similar effects have been observed .in Mbssbauer effect
measnrements_py Nevitt et al (fef,fzdao) and Bowden et al

(ref. 2.41) on AFE2 compounds.

.2;3 ‘Rare Earth - 3d transition metals AB2' Sg=

In the preceding part (Section 2.2) we have discussed the
magnet1c properties of KACQO In this section we shall consider
"the msgnetic properties of the ANi,, ACo, end AFe, compounds.
The study of the magnetic behaviour of these compounds has
_been 3 subject of great interest from both a theoretical and a
_practlcal point of view. Magnetlc studles of *ANi, compounds

(refeq‘2.h2, 2.43) show that in the psramagnetic state the
:eusceptibility exhibits a Curie - Weiss behaviour for all the
4materials except CeNip, LuNi, and SmNiz. The first two of =
these three compounds are Psuli paramagnets, the cerium in

Ceﬁié beihg quadripositive, having 1os£ its 4Lf electron to the
‘ conduction bsnd. The non-linear variatioq‘of the inverse sus-

_ eeptibility with tempersture for SmNiz is similsr to that observed
in other samarium compounds and is probably due to electron excit-
‘ation into the first excited J = 7/2 multiplet of the ion.

.YNiz and LuNi, present a temperaturealndependent ‘paramagnetism,
for which the Lf shell is either empti or full. 'This behaviour
A suggeets that there is no magnetic moment associsted with the

nickei ions in these compoundso‘ The saturastion magnetic moment




. Table 2.2 Hyperfine field of AAL, Compounds.

<t l.

' COh’lpoundS : D.Easy | ka vat hoz K ka at 14.02 K
irection

: (a) site (b) site
. MHgz NHz-
Pral, | (1200) 20.4 -
“Naat, © {100) 24,7 -
smAl, (111) 35,1 36k
| Gdﬁez, . (111) 61.15 4L9.5

| Tokf,. (111) 53,00 34,10
- DyA{, (100) 29.8 -
HoAl,. | (111),(110) 25,5 | 12.8
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of.iﬁdNig further supports the idea of zero nickel moment since
the measured molecular moment is vefy close to the Gd free ion
value (gJ J = 7) | Neutron diffraction studies (ref. 2.4 on
TbN12 have been unable to detect any nickel moment s0 that it
is generally assumed that the nickel is in the non-magnetic- 3dlo
sFéte by electron transfer from the conduction band. Assuming
that the nickel moment of the rest of the ANig's is also zero,
both Bleaney (ref. 2. hs) and Wallace and Skrabek (ref.2.46) have
-attributed the dlfference between the observed moments and the
‘free‘lon g5 J value to the crystal-field quenching of the orbital
}contributien to the total moment. This assumes that the easy
axis of magnetization is the (111) axis.

The varietibn of the Curie temperatdres Tc obey approximately
3 "de Gennes" relation.. Normalizing this relation to the Curie
ﬁemperature (GdNin, a good agreement is observed for the

(gj - 1)2 J(J + 1) varistion in the case of the heavy rare -

earth compounds whereas figo"(zah), for the light ones this
approaches an S(S + 1) dependence. The T, values obtained
recently by Burzo (ref. 2°hj) are different from those previously
reported (ref. 2.42) and give a better fit to the de Gennes func-
tion.

From g - shift measurements EPR; Burzo was able to deter=
-”mine the sign and the magnitude of the effective exchange para=
meter Jsfo He found that Jgp = 0.022 eV. The negative exchange
pafameter shows that the mean density of the conduction electron _
}polarization is antiparallel to the local moment direction.  The
vnegative sign ofAJsf probably appears as a result of interband
mixing as discussed previously (section 2.2, chapter two). The

values of Jgg observed from the paramagnetic Curie temperature
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_giﬁes Jgp = ;_O.BA.eV, which is an order-of magnitude greater than
determined from Dgg- This could be justified by taking into
account the simplification used in the R.K.K.Y. model.

The magnetic properties of 'A002 and AFe2 have been studied

by various authors (refso 2.42, 2,46 2.7, 2.8, 2,49, 2.50, 2,51
2.52? 2.53, 2°5L¥. The saturation magnetic moments of the cobalt
and iron compounds with Gadolinium have values of 5.09m, (ref.2.55)
and 3.35M, respectivélyo Since Gadolinium is an S state ion,
its moment is liptle infiuenced by the crystalline field, and by
'accepting the magnetic momenﬁ.of the Gd ion as 7 (g, the magnet-
‘ization data suggest thst the transition metal moments must be
ah%iparéllel tb the Gd_(hegvy rare earths) moments and have
magnifudes of 1.0Mm, for cobalt and 1.8 ;X“ for iron,' The

"Cbapbunds PrCop, NdCo, and LSmC02‘éppear to be ferromagnetic,

however,‘with parallel moment alignment. The resultant struct-

iures‘arise immedistely from the fact that the net J in the light
fare,earths is given by J = L = 5, where as in the heavy rare
esrths J = L + S.  From neutron diffraction studies on .HoFes.

The magnetic moment of Fe has been determined to be 167 Mg
(ref. 2.56). Burzo (ref. 2.57) found that the magnetic moment
of Fe in AFe, (A = Gd, Yb, Dy, Ho Er, Tm) compounds is
(l:é n/-l.7) Ma and l.l.,l+/~~,«,(g in YFes, The Curie temperatures
of the cobalt compounds fpllow approximstely a "de Gennes"
relation being propbrtional to_(gJ-:l)2 J(J + 1) for heavy rare -

‘eafth,Awhereas, for the light ones, these again approach an
S( S + 1) relations The main cbntribﬁtion to the magnetic
ordering seems to be the R.K.K.Y. interaction. The presence
of the magnetic cobslt ions results in higher wvalues of T, than

‘those of rare earth metals through the additional Co - RE
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exehepge. | The Cgrie temperaturee of the iron compounds have
the‘same behaviour. Fig. (2.4) shows the variation of the
Curie'temperature with de Gennes function for ANip, 'ACop,
*Afeé, where A is the heavy rare earth. This graph shows that
for the iron compounds in the limiting case of G=0( YFep and
?LuFeZ) there is a positive intercept on the temperature axis,

while for both 7TYNi, and ‘YCos the Curie temperatures are zero.

2
- Since the transition metal moment is not zero in YFep, the
intercept must be representative of the transition metal exchange‘
-interaction in these compounds. The experimental value of 550 K
indicates that,theee interactions are greater tha those between
the rare - earth iens, Whenvboth types of ion carry a moment,
then the Curie temperature will be further affected by A - B
interactioh° The "YCop has zero as tﬁezintercept and indeed the
prerailing evidence is that YCop is ﬂon-magnetic.

Pseudobinary study on the syStems (Dy)Y)Fé2~ and "Gd (Co, Ni),
(refs. 2.60, 2.61) indicate a non-linear varistion of the trans-
ition metal moment with composition. The observed behaviour
was explained on a model in which the 3d electrons form a band
g1v1ng rise to an itinerant electron momento Piercy and Taylor
(ref. 2.62) carried out a series of experiments on the system
Y(Fe1 _x Co )20 The magnetization results, shown in fig.(2.5),
can be interpreted in terms of the gradusl filling of the 3d
band as cobalt is added to the system. The sudden collopse at
‘s composition of sbout 20% iron may be attributed to the diss-
aﬁpearence of the splitting of the 3d sub-bands in association
with the incressed 3d - electron concentration and the inter-
trénsition metal exchange interaction. Slanicka (ref. 2.63

observed a rapid decrease in the total moment of the heavy rare
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earth pseudobi?ary compounds formed with iron, cobalt and nickel,
in the-vicinity of the pure *ACo, composition. This occurred
for decfeasing 3d4e1ectron concentrétion and was accompanied by
a sudden rise in the Curie temperature (see fig. 2.6). The
observed changes were interpreted in terms of the development
of o 3d moment associated with the detailed band structure of
the compound, and with the exchange field at the rare earth ions
in the lattice. |

The aﬁbence of 2 nickel moment in these compounds and Lhe
reduced moment values associated with the cobalt and iron atoms
were originally attributed (refs. 2.46 2.68, 2059) to electron:
ﬁransfer from the rare - earth ions, resulting in the filling of
localized 3d states. |

. Mossbauer investigations on the .AFe; compounds have been
carried out by séveral authors. From the work of Wertheim et al
(ref. 2:6%) and Wsllace (ref. 2.46) it can be seen that; to'a
o good“apprbximation, the hyperfine fields at the 57Fe nuclei are
independent of their lanthanide partners. It appears therefore
that the iton electron configuration is substantially the same
in all the /AFe, compounds.

The hyperfine field observations have allewed the magnetic
easy direction of the ‘AFe, compounds to be determined (Sec.2.2)-
Wertheim et al (ref. 2.39) made a speciai study of the iron site
in the ﬁwo " TmFeo, and :ZrFep compounds. From the presence of
twé §upérimpo§ed 57Fe hyperfine spectra at the iron site, they
were able to deduce that'the magnetizatiéu of the iron sub-=lattice
pointed along (111) direction. Observations by Nevitt et al
(ref. 2.40) and Bowden et al (ref. 2.6§, 2.66) showed that both

(111) and {100) direction could be observed as the easy axis in
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Table 2,3

Compounds

'QeFeg
SmFeo
'GQFe
| TbFeo
A-B}Fe‘
HoFeé
TmFeo,
.E;Fez

YFe

-B0-

Hyperfine field parameters of

Theoretical
easy direction

(111)
(111)
(111)
(111)
(001)
(0o01)
(111)
(111)
(111)

(111)

Experiment th

easy dir-

ection
(001)
(1.,01)
Complex

(111) |

(001)

AFe2 compounds

at 78%k Second

k(Oe)

156
216
238
226

224

" Site
X Oe

190
224

197
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the AFe, series and Bowden (ref. 2.41) used a simple crystal
field approaqh“pp §how_tha@ these easy directions were primarily
controlled by crystal field effects. The agreement between this
simple theory and experiment are listed in table (2,.3). fhe
hyperfine field values at the 57Fe nucleus, obtained from these
measurements are also listed.

Thé decomposition of the totsl hyperfine field at the 57Fe
nubleus'is a difficult task, slthough it has been shown that the
field direction is antiparallel to that of the magnetization
(refs. 2.67, 2.68 and 2.69) as it is in metallic iron (ref. 2.70).
The varistion of the total field with (gj,= 1) J departs apprec-
iably from linearity and it is not possible to give any reasonable
estimate of the contribution arising from the rare esrth sub=-
lattice. From spin echo observations of 290 in GdCos and
on pseudobinary compounds based on GdCoz, Taylor and Christopher
' (réf° 2.71) have proposed a detailed balancing of the various
contributions to the net hyperfine field. This has been done
on the assumption that the field due to the cobalt ions can be
taken as proportional to the cobalt moment in the compounds
under investigation, the absolute value being scaled from the
knbwn 5900 field in pure cobalt for which the ionic moment is
also known. On this basis the contribution to the field from
thé rare earth ions is assumed to srise from conduction electron
poiafizétiono The °9Co hyperfine field was found to be 60 kOe
for GdCospo In the present work the spin echo observation in
the AC&Q compounds show that the hYperfine field at the 29Co
nucleus is almost independent of the rare earth partner, the
field being approximstely 61 kOe for all compounds measured.

Recently Mossbauer meassurements have been done of 57Fe hyperfine
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interaction in '."Y(Fl;_XCox)2 and ;Ho(Fel;xCox)z systems by
Guimaraes and Bunbury (refo 2.72). - They found that the 5TFe
hyperfine field in these compounds changes with concentration x
"and has s maximum‘value at‘x = 0.4 as shown in the fig.(2.7).
In the lHo(Fel_'_,xCox)2 compounds the megnetigzstion remained per-
allel to an (001) direction at every concentration examined
(x = 0, 0,2, Ooh5 O°6, 0.8) since the holmium anisotropy dominates
- that associsted with the transition metal. The direction of
magnetization of the "Y(Fel;xCox)iséries; however, changed with
the addition of cobalt: YFes magnetizes along a (111) direction
but the. other solid solutions with x 2> 0.17 all magnetize slong
a klOl); This conclusion was reached from the intensities of
reédnanﬁe lines, |
E.P.R. measurements have been carried out by Burzo (ref.2.51).

He'found that the g - values changed with temperature, the g -
valués.being smoller than those of the Gd3* ion indicating in
this case a negative conduction electron polarization, (see
chépter three), for GdCos.

" From the sbove discussion it is evident that the inter-
acfiéhs’within the Fe and Co compounds are more complex than for
those of the Ni (and AL) compounds, since the transition metal
haé a moment. The possible interactions ares

2) the rare esrth - rare esrth interaction

b) the transition metal - transition metal interaction

c) the rere - earth - transition metal interaction

The first interaction is due to the localized chsracter of
the L4Lf moments; it is an indirect interaction pfoceeding via

the conduction electron spin polarization. This polarization
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is hot uniform and can lead to ferromagnetic as well as anti-
ferromagnetic coupling between the Lf moments. This case applies
very well to the "AAl, and ~ANi» compounds.

Thé second interaction can be studied in compounds in which
the rare earth component is non-magnetic, ie. for compounds in
~ which A at AB, represents La, Lu or Y. Finally, the order of
magnitude of the rare earth - transition interaction appears to
be between the first and the second interactionss It is thought

to proceed indirectly via the conduction electrons (ref. 2.54),
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CHAPTER 3

N.M.R. SPIN ECHO AND THE BASIC THEORY OF E.S.R.

| The_nuqlggngagnepig resonance of magnetic impurities in
metals is similar in many aspects to electron spin resonance.
In this chapter we shall first introduce the magnetic resonance
‘.‘phéﬁomenon.in“aAggpéral way which is common tg,boﬁh N.M.R. and
E.S.R.  In section 3.2 we discuss the NQM.R,.Spin Echo and some
- of its app}iqationso - In section 3.4 the basié theory of E.S.R.,

is discﬁésedo

3.1  Masgnetic Resonance PHenomenon

Magnetic resonance is a phenomenon found in magnetic systems
that_possess”bophAmagnetig“moments and angular momentum. A
system such as a nucleus may consist of many particles coupled
tOgéthéf‘so that in any given state, the nu§leus possesses a total"
m?gnetic.moment }k and a total angular momentum I, and the two are
related by the equatien.

| M= ho . (3.1)
Whefe ¥ is the gyromagnetic ratio, which is of order (e/mc) for
electrons and~(eﬁM¢)for nuclei.

| - When such a moment is subjected to a magnetic field H, the

Hamiltonian which describes the Zeeman interaction between AM and

the magnetic field H is
H = -rh I.H | (3.2)

'H will produce a torque on the magnetic .moment AL given by sA H

; and the equation of moti&hvis found by equating the torque
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5.
with.the rate of change of angular momentum Io' That is:
di/dt; Y (M A H) (3.3)
wh1ch may be combined with equatioh 3.2 to give
-d/.L/dt =¥ NH (304)

The?mbtion of the vectors I
preqessioh abéut H With_angu
iies along the 2 axis of a s

If Mis the vector sum
4(3 h) vectorially over a4 we|

the macroscopic magnetizatio

) dM/dt = ¥ MAH
In»this treatment it is

a coordinate system that rot

and AL consists of a uniform
lar velocityldL = =% H (assuming H
ystem of cartesian coordinates).

of the #4'S, .then by summing equation
obtain tﬁe following relation for

ns

(3.5)

very helpful to refer the motion to

stes sbout H in the samé direction as

thatAin.which the magnetic m
syttem'is often calléd the r
profed of great assistance i
(ref. 3.1).

The équation'of'the mot
_;,rptating:coordinatg_System (!

iptthe'laboratory system (x,

‘(dM/dt)fixed = (dM

where W is the frequency of

alohg the z = z' axis,

From equation 3.5 and e

(dM/dt )rot I

=" MANH
="~ M NH

oment precesses. This coordinate

btating frame, a technique that has

n the description of magnetic resonance

ion of the magnetization M in the

» ¥'y z') is related. to eqn. 3ok

YeZ)s by the equation: .

/dt)rot +WNM (3.6)

rotation vector which is directed

quation 3.6
- WA M
o 0 MAW /0
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This has the same form as egn.. 3.5 provided the magnetic field
H is replaced by an effective field H® = H+ W /1~ o Thus the

motion relative to the rotating system will again be a precession

with angular velocity:

=-"J‘(H+w/qr)=0) (3.8)
AThis result enables us to derive simply the motion of the
magnetization M under the combined’ action of a steady field H,
| ai'ong the z axis of the cértesian coordinate system, and s field
Hl, rotatlng about- the Z- axis with frequency W , where
Hl " ’Hl| (1 coswt,+ j sinwt, ), and i and j are unit
vectors along the x and y ax1s.respectively as shown in fig. (V3°1)o
~ Under this condition the couple acting on the magnetization M
| : is'no'w: o | |

aM/dt)poy = TMA [(H+W /) K+ Hli}

=T M N Hepr (3.9)
The magnltude of the effectlve fleld Hope is: i
| | /2
Hpg - \'(H + w/,a» )2+ Hl ] (3.10)
‘The angle a( is found to be (fig.(3.1))
cosd = cos? 6 + sin GCOS (7|H, ff‘tw§ o . (36.11)

- When. the frequency‘ of rotation of H, is not equal to the natural
1
precession frequency W L? the magnetization M precesses about

the field Hgpp.  which makes an angle @ with H:where

tan @ = Hl/ (H + w/" )o ' (3.12)
 If the resonance condition is fulfilled exactly (w=wL),
‘. the effective field is then simply i Hy.  The macroscopic moment

'M._.that was ass_umed to be initially parallel to the static field
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FIG.3.3 The application of a single pulse of width tw
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Hwill ﬁhen precess in the y-x plane° In this-conditibn the
angle 0 in equation (3012) equals 909, and hence the equation
(3.11) becomes: |

cos = cos (_"b’ Hy t,,)

‘where A =% Hy ty (3.13)
The result of this treatment is discussed extensively by
1Abragam end Blesney (ref. 3.2), Abrasgam (ref. 3.3) and Slichter

(refs 3o4).

3.1l Pulse Methods

_An alternatiye way of‘obtaining magnetic resonance data is
to apply a shorp pulse of radio frequency (RF) power to the
'sample and observing.the reaction of the sample;, to examine the
,beheviour of the nuclear spin system as a function:ef timeo

Suppose the macroscopic magnetization; M, is at equilibrium
~in a magnetic field H, directed entirely aleng the z-axis, with
no co mponent in the x-y plsne. Then by applying the R.F. field
Hi eloﬁg the x-axis in the rotating frame, when the RF and Larmor
frequencies éeincide; a resonance interaction occurs, and the
macfoseopic maghetization is tipped thrqugh an angle ¢ , where
g_defihed in equation (3.13).

By choosing the strength of the R.F. field and the time t
forAwhich it is applied, the magnetization M will tip either into
the x-y blane (a 90° pulee) fig. 3.2a, or into the negative z-axis

(2 180° pulse) fig. 3.2b

341.2 = Free Induction Decay (FID)

In FID the decay of precessing nuclear moments is observed

immediately after the application of a short pulse of RF(90° pulse).
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FID has the form indicated in fig. 3.3, Bloch (section 3.2)
4 shoﬁed that M;Y (the componeht of M in‘the X=y plane) decays by
a first order process with a characterlstlc time T2, known as
| the spin—spin, or transverse, relaxation time. Thus, prov1ded
'[there are no effects of magnetic field in-homogeneity, the FID
7[31gnal decays exponentlally with a decay time T,.  However,

.since the magnetlc field is never perfectly homogeneous, nuclei
in dlfferent parts of the sample experience sl1ght1y different
values of the applied field and hence resonate at slightly
different frequencieso In practlcal, then, a FID signal usually

decays in a time Tm, where

. 1 . 1 (3.14)
Tm T2 sz ]

e » X V o .
where T2 is the contribution from magnetic field in- homogeneities.

In'qﬁhér words, M& and My decay wiih time aS exp (;t/Tm)o

3.2 The Bloch Eguationa

Bloch’(refsi 3.5, 3,6) showed that'the motion of the macros-
cbpié ﬁagnetization in the presencé of én applied magnetic field

‘could be explained in terms of phehomendlogical differential

" -équations. ‘When the sample is placed in a static magnetic field,

M aligﬁs itself alohg the field over a time equal to the spin-
;1étti¢e relaxation time Ty.  The mechahisms-responsible for Ty
~  éré proce;ses by which a perturbed nuclear spin system in a
highér.epefgy state can transfer its enérgy to thé surroundings
{the lattice) and thus return to the equilibrium (ref. 3.7)
‘condition. If 2 radio frequency jEF)Afield Hy is applied at

right -angles to the static field H, then the magnetization will
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 tend to follow thg rapid variationﬁ in ﬁhe direction of H;. A
'natural resonant frequency Wiy = Qf‘H'ekists wherein the magnet-
ization willnabsorb energy from the oscillating field. The
4-hé1fWidthA¥§,Hi - of this resonant absorption is inversely prop-
brtiphal to the Spin-Spin relaxation time T, of the sample.
-This'felaxation time Tzuis a measure of the time that it takes
| to‘éSfabli§h equilibrium between tﬁe'magnetic moment compohénts
;perpéﬁdicular to the applied magﬁe?ic’fielq H.. |
‘::_In‘?:atatic.mggnetiq field H = Hy, the trend of the magnet-
'igétipnitéwards its equilibrium value M = My =X H  can be described
:5y'thé.é§uation: | -
dM/dt = (Mg - M)/Ty
From H =0 at t =0 tolH = Hyat t = T , Mwill incresse in
aQCQrdancé_with the exponential relation
M = M;, (1 - et/Tl)
If the relaxation mechanisms are added to ean...(3.4),

‘then its three components constituﬁe the following equations,

M fat = ¢ (MNK), - We/Tp (3.150)
aM /at = T (M N H)y - /T (3.15b)
au Jdt = o€ (AR, - (Mg - 1g)/Ty (3.15¢)

In the rotating frame, restricting Hy to the x' direction,

‘eqn;w(3¢9)Aand the eqns. (3.15) assume the simplifiéd form:
"dmx,/dt =My HE ¢‘M¥7/T2 (3.16a)
. dpgr'/dta'r(le Hl - x' H) - N&Q/Tz (3016b)

o sz?/dt = -a'{(MyI Hl) = (MZ' - Mo)/Tl (30160)
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'The set of equaﬁions (3,19 and (3.16) are called the Bloch
eqﬁétiqhg;

These equations give a quantitative description of the
béhavieur_of the macroscopic spin system and its relaxation
behaviour.

In this thesis, the solution of these equations will be used

in section 3.4,

3.3 N.M.R. Spin Eche

. In 1950 'Hahn (ref. '3.8) invented a pulse technlque called
spin echo, based upon a sequence of pulses. Hahn used two
suchssiveh90°_pulses separated by a time interval T and
6béervéd an eche pulse at a time equal to 2 T . The echo
f éppear; és a consequence of the constructive interference of
' the magnetizatlon vectors under the 1nf1uence of the second

b

pulse.'. An esc1llescope trace of an echo pattern is shown in
fié. 3ok ‘

| The pr1nc1p1es of the spin echo are illustrated in f1g° 3655,
 9The magnetlzatlon vectors are 1n1tia11y in the direction z of

- the static mognetic field as shown in fig. 3.3a0 The spin
echo exﬁeriment is begun by applying‘a 90° radie frequency (RF)
pulse which'@eans that equation (3.13) becomes¥ Hy t w = TT/2.
This pul;e causes the magnetization vectors to rotate through
906 about H; until they are slignhed along the y-axis as shown
in figs. 3.5b. The pulse is turned off at t = t,, and the
magnetization vectors of nuclei in different parts of the sample
begin to fan out or lose phase coherence, because of magnetic
field in - homogeneity (fige. 3e5.C)e Egn, (3.9) contains the
effective field H® = H + W /gy in the z-direction in the
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| rdtéting f;am§@__ This venishes for W= W, =¥ H, and is
positivé'er negative depending upon whether or net w is less Qé
gre'ater. than _wL =Y Ho At a time C after the begihning of thé
first pulse a second pulse is applied, identical with the first.
This causes all the magnetization vectors to flip through 90-0
]about Hi'(fig; 3.5d)9 The precession illustrated in fig. 3.5e
shows that all«magnetizétion vectors interfere destructively
with éne another and distribute themselves isetropically until
ﬁhe ﬁiﬁe L 2'C' when they 1nter'fere constructively to produce

- the echo signal as shown in fig. 3. Sfo
In l95h, Carr and Purcell (ref. 3. 9) demonstrated the existm

'f_ence-efigpinAecho by using a Pulse‘programme consisting of a 90

'_pﬁlSe follewed by Successive 180° pulseso This pulse sequence
produces echoes at 2'C‘, 417,'o°a°2n1: o Meiboom and Gill
(1958) (ref. 3 10) modified the Carr and Purcell method by apply-
'ing_successlvg coherent pulses and shlfting the phase of the 90
 {pﬁ1§e 5y,90¢'rglative to the phase of 180° pulse. These mod--
ifiéétions eliminated the adjustment of the 180° ﬁulseée

",N§ﬁy different pulse»sequence'techniques have been developed
'siﬁéékiQSd;‘h_Th§§e techniques have been used to.study paramage=
netic imphriﬁy‘effects; magﬁetic alloys, hyperfine fields, nuclear
quadrupéle resonance, Ty and Tse A brief review of the applic-
aﬁienléf'pulse NMR can be found in the literature distributed by
menufacturéfs of pulse equipment (ref. 3.11) and in the book by
Farral and Becker (ref. 3.12). |

In thls work we have used the spin eche phenomenon to study

mainly the hyperflne field and the relaxation times Ty and Tyo
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'3.3;1 - Primagx Sgin Eche

» The above discussion of the spin echo model has been derived
' ‘mat.hematically by Hshn (refo 3.8) and by Das and Saha {(ref. 3.13),
Jaynes (ref. 3. lh) and Bloom (ref. 3.15) and by Abragam (ref.3.3).
The primary echo is produced as illustrated in fig. 3.5.

' By ‘using the basic Bloch equations and their solution
_(sect_ip_n 3,?)1,_ ‘tgggpper“w;:ch_gqpo (3.9); and using the normalized
'Gau;s'i'an- distribution t_:o_' rgpr‘esentA the distribution in e among
the spins (phe_'hqmpg_en_eit_:yl pii" the magnetic field causes distrib-
ution in the Larmor freqﬁéncy Wy, and hence indw =W - wl
amoné the groups); Das ‘and Ssha Aobtained the total echo amplitude

- in the followmg equations : '
- (t - 20)? ]

t
V(E) = Sina)l tw sin2w1 t“)/2 exp[ >
2 T,

S 5L | )
- sinwl t'u) coszwl t, /2 exp [ "-I';— | - 3 ]

_exp [--3- {,(t‘--f)3 + C3 +3C(t - T)?

Y

W0 stnwy g, [ - LT (= T) ]

wil &

xep[- ¥ [w-Tes w-T¥] (3.17)
.where k = ('KG) D, G is the field gradlent. constant, D is the
self—dlffusien coeff1c1ent of the nuc1e1 and T22 13 the net

: trausverse relsxation time and may be given by the equation

B sz = (2Ln2):2/ (Aw)%
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: The first and third terms of’ equatlon (3.17) give, respect-
“1vely, the primary echo at t = 2T , and the free induction
vaigna}'fo}lmﬂ;ng the second pulse. The middle term is a cont=-

. inué.t.ion' of the free-induction signal folloWing the first pulse.
By substituting t = 2T in equation and rewriting the first term,

we get:
"V{E) = V:(-E)'é éxp ( _, 2T _ 5 T 3 )
A _ —Tz' 3

- If 3 ke 3 'Y 2'(_'/T2 (ref. 3.9 ) then the equation becomes

V(E) = V(E)g exp ( - __2T ) (3.18)
T2
This equaﬁior_x implies that the echo amplitude decays expon=
: ent_vially with time Ty, the spin;spin relaxation time, can be
measﬁrgd .d‘irect.lylby plotting the logarithm of thé echo amplitude
've_fsﬁs“érbitrary values of 2T (T is the pulse spacing)e.

Mpckenzie has found.experimentally that the decay of the echo

- amplitude flts the equation (3. 18) (within experimental error

(ref. 3.16)). However in some pulsed N. M R. and E.S.R. experl-

ments, the spin echo amplitude was observed t,o have an oscill-

' ~-’__atory behav1our as a -function ef'C(refsa 3617 = 30 21). This

modulation has been reported to be ‘due to the effect of the

nucléar-quadrupele interaction in which a magnétically' induced
electrlc field gradlent (EFG) was observed at the nuclesr site
of magnetic iens in solids. For an axially symmetric EFG, the

explicit expression given in (ref. 3.17) for the echo amplitude,

for nuclei with I = 5/2, is

V(B) = e=2T/T; i‘ hy cos(2naT+ Gp) (3.19)

Nn=0
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'wheré é is the frequency of the Supefimposed‘echo oscillation
and is given by | ‘

9 s[Be Qq/hI (2I - l)] (3003 6 -1) (3.20)
_Qﬁ and g n 2re constants dependlng on the initial conditions and
#the shape and width of the r-f pulses and O is the angle between
‘the ax1s}and the‘local magnetic field. Recently it has been

found that the higher harmonic terms in egn. (3.19) (ref. 3.21)

can be.neglected and the equation may be written as

V(E): = e‘;Zt{TZ [Cé ‘+ C, cos (2aT +cal)] (3.21)

1

Tﬁisveduation verifies that the echo decay is modulated .ot a
f;equeﬁqy-proporpiqna;Atp the quadrupole interaction eqQ.
Recehtiy, the‘oscillation was observed in»GdAgz, HoA?z, and
NdAfz Krgf.,3,29).“ In the present yorf we have observed this
escillation cléarly in GdAez (see chapter 5).

'In some pulsed NoM.R. experiments on ferromagnetic material,
multip}e spin echoes were observed (refs. 3.17, 3.22) at 2C,
»31: ;=Et geos  The observation of these multiple echoes was
"expiaiﬁed as follows; the first echo, which appesrs at a time
2T —after the first pu}se; acts as a,refoéusing pulse for the
second;f;f pulse and produces the second echo st 3T and so on:

' fig;-(Boha). This photograph was taken for the 59Ce resonance
in GdCo,. |

~In addition to the measurement of T, the primary echo
has been used to study the hyperfiﬁe field in magnetic materials
’by-Sévérél authors (see chapters one ané two) . The line shape
Acan'be:obtained by plotting the amplifude of the observed echo
as a fﬁnbtion of frequencfo The cenﬁre of the peak represents

‘the hyperfine field multiplied by the gyromagnetic ratio of the
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nucleus under investigation.

30302 ‘Stimulated Echoes

Séimulated, or secondary, echoes are produced by a third
pulse, applied at a time T with reSpect to t = 0. Under these
conditiens another echo will be obtalned at (T +T) and also at
.(2T - 2C), (2T - T) and 2T, A typical pulse and echo pattern
is shown.ln,fig° (3.4b)o  The principai characteristic of all
thesé eéhées is that the time intervals between the echoes and
the ihcideht pﬁlses, and between the echoes themselves, always
correépohd»to the original intervals aﬁong'the incident pulses,
or combinations of these. In the figure, the stimulated echo
is'preduced_by the combination of the three pulses (P1, Ps, P3)a
From the primsry echo and the three pulses,the other echoes are
.preducéd'aa follows:

1, Th_efthird echo is produced by the first echo and the third
pulsé;_ _ |
2, , The‘fourth echo is produced by the second and the third
pulses, | | 7 | ‘
3. The fifth echo is produced by the first and the third
pglses. |

| Hahn, and Das and Ssha, discussed the existence of thesé
echoés:mathematically; we will consider here only the equation

fbr'the stimulated echo, which may be written as

V(SE = l 31n3w t.w exp [u (T - "C) ( ——)., _tl
2 Tl T2

x exp [(t - (T ;’C)) ] exp ( -1 k{(t-T)_B
| 2T, © 3

+ T2 4 3Tie )2 3(T -T) (& - T)zhl
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For t = T +T this equation becomes

V(SE) = V,(SE) exp (£=T o 2T ) exp(- £ k(3TT, + 2T
T T 3
1 2
If the cgndition kCZTz<< T/Tl is satisfied and T« T this equation
becomes: - '

‘V(SE) = V,(SE) exp ( - ,}."I) . (3.22)

| In this case Tl can be measured by plotting the legerithm
of stimulated echo amplitude versus arbitrary values of T.

e,

'3,4, The basic theory of E.S.Re

3¢4.1 Dispersion and Absorption Line Shape

‘When a paramagnetic sample in a resonsnce cavity is
subjected to the res_onance_condition'huq.—:“ ng, the spins
interact with the r.f. field 2H1 cos wﬁ and the magnetization
can be written |

Mx = 2H; (Xcos wt + X sin wt) ' (3.23)
Where ’X’ and X" are the so-called real and imaginsry parts of
r.f. ‘susceptibility X = X’ - i')(" , defined by the relations

Hy = 2H]RE (ed@t), M - 2H,RE( X ")

The solutien of the Bloch equations (section 3.2) is

_ T H W) T
Mx' = Xg We 12 11 (26\) o) E‘ (3°2[4.a)
L 1+ (Wey)? T +af HZ T T,

1

T> Hy
Ko wo "2 11 (3.240)

' I 2. .. 2

My‘t" =
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.The magnetization M, which may be assumed to be along

direction (x) in the laborstory frame is
My = Myt coswt + Myt sinw t (3.25)

and hence from the comparison of equations (3.23), (3.24),

(3.25), we can gets 4
! w)““%)TZ

X = ix o T i (3.27a)
27%0%0 2 T (W< wg)? T54+42H 211 T,
1/
7( = E‘Xowo T2 1 o
2 1+ (w=wy)? T2+ ¥2H2T T2 {3.27D)

j("is the dispersion mode and X" is the absorption mode.
The signal that appears on”the recorder may be either dispersion,
absorption, or a mixture of the two. The mixture of %' and Y"
in the signal was dlscussed by Peter, Shaltiel, Wernick, Williams,
Mock, and Sherwood (1962} (ref. 3.23) and is similar to the sit-
uation involved in this work.
By using the transformation

w =TH9L\)O =7H09 T2 = 2/’)’AH%_

and by assuming fr-z"leTlTQ 4L 1, the equations (3.25) may be
transformed to the form that is used when magnetic field

scanning is employed ie.

,X? = %OHO — X
{ DH ] 1 + %x? (3.28a)

X" ’X ofo “““i]
AHl
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| Qhere x = (H ;'Hg)ﬂi/z AHl/z)

.The first derivatives have the explicit analytical values

2Xo H ,_, 2
EZ(_'. . 2222 ) 1 "xz‘ s (3.29a)
aH ™ (D Hl/2)2 (1 + x°)
-EZ_” - (hx HO ) _____}E____ |
dH (BHy /)% (1 + x?)? (3.29b) -

The lineshapes of equations (3.28, (3.29) are shown in fig. 3.6
and. 3.7. |

" The experimentally observed quéntity is

TRV SV 4
dH dH dH

| 19;195§;Nth€ theory of Eoszo'line shapes ebtained from.-
conduction'electrons in metals was worked out by Dyson (refojgéh)a
' He showed that the line shape depends upon.the tige T4 that it
takes aﬁ electron to diffuse through the skin depth, the time
Ty that it takes for an electron to traverse the sample, the
- electron spin 1atticé relaxation pime Tl and tﬁé electron spin-
spin relaxation time Tzo Feher and Kip (ref. 3.25) found
gatisfact@ry agreement between Dyson's theory and their experi-

mental result.

Jo4.2. geshift

In_the presence of an external magnetic field H in the
z-direction the ionic energy levels are given by

E=-gsf H, S, 4 (3.30)




FIG.36 Logentzian dispersion X'and absorption X"

dy'
dx" dx
dx
= —

'FIG.3.7 Lorentzian dispersion (d)(ydx) and absorption
| (dX'/dx).




«59-

whicﬁwfepreqent pheAZee@ap energy . »In intermetallic compounds
containing raremearth ions, it'is generélly assumed that the
éoﬁduction electrons interact with the loéalized Lf-electron

" (see chapters one and twe). This interactien produces an
additionsl term to the equation (5.30), which may shift the
E.S:R. line to lower or higher magnetic field according to the
sign of the exchange interaction. . The allewed energy levels

[

,‘are now (ref. 3.26),

s a3
E = - SZ (gsﬂ HZ + _ﬁ_c_) G Z)) (3031)

where ng is the number of lattice sites per unit volume and
0y is the electronic spin density and may be given by

0 é.' 9<Z Hz/ge : (3.32)

ST

?KZ is the conduction electron volume susceptibility. By

subst1tut1ng from equatlon (3 32) to (3.31) we get

B - .5 @BH (g +X,__Jd ). . (3.33)
= = Oz [Ohg 89 t Ay __ -
_ Do 8@32 . A
Hence we find a shift in the effictive g value away from g,,
given by
_ I,
s nogeﬁ2 (3.34)

R
Y

This g-shift is analogous to the Knight shift in NiM.R.
(ref. 3.23). If the metasllic electrons can be represented by

“a free electron gas we get
?<~Z 2 . ge ﬁ N(EF) (3°35)

where N(Ep) is the density of state and equal to 3n/4EF
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(n, is the number of conduction electrons per unit volume),

Hence
- 3dn
Ag = o2 = 3 2 J (3,36
? 2gelpng L geEf )

| In this equation Epbg, 1is a measure of the exchange
‘pargmeter J only in the case of a free electron gas. In
“certain cases, 9(2 igs enhanced by iﬁterelectronic exchange.,
If thisgexchange'in;graction _is taken to be strongly localized,
1t can be characterized by a parsmeter V and the enhanced
susceptibility is then given by (refs. 3,26, 3.27, 3.28)

(also see chapter one).

o
Xz =Xz o1 (3.37)
1l - N(EF) v

This equation may be written as

-

Xz o= X% (1 -4 )L (3.38)

_ o , _~
where X g0 18 the Pauli spin susceptibility and is given
by equation (3.35). The enhancement factor & is given by
: o 4 ’

* = ‘V X z- )
where v is the Fourier coefficient of the potential (ref.3.29)
from this equation and eduation (3.37) 'we can get

2V

2
g~ 32

o From (3.37 andv(3.3h)’we get

vV =

: 7.0 4 .
Deg = TP 1 - d4)7 © (3239)
no'g {3

-This equatioen represents the enhanced g-shift.
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3ekhe3 Linewidth Considerations

3.A.3'[1 Korringa Relation

The relaxation mechanisms for nuclear spins in metals

‘are mainly due to their interactions with the conduction
eléctrons. This mechanism is represented by a precess of

- inelastic scattering of an electron due to the Fermi interaction
in which a flip of the nuclear spin occurs. The relaxatioen

rate is proportional to the square of the Fermiinteraction
constantmanq'pq'the square gf.the electronic state density at

the Fermi level. The relaxation rate, therefore, is proportional
to the square of thé Knight shift. Korringa obtained a relation
between the relsxstion time T4 and the Knight ghift k,

(ref. 3.30) given by

) . - _
KT = (v ) (P /LT i) | (3.40)

whereq(e and'T'n_ the gyromagnetic ratios of the electrons and

the nucleus. _By analogy with g-shift, this equation may be

written as (ref. 3.31)

L. (AT J°N (Ep)2 T (3041)
1 o B

The Korrings relation, equation (3.40), is useful for providing
‘an’ estimate of the relaxation rate knowing the value of the
Knight shift. Obviously this relation is only an approximation.
In several transition metals the Knight shift is found to be
larger than the value csleculsated uéing the Kerringa relation
(réf. 3.32), This may be explained by the fact that as several
contributions are present in K and l/Tl the Kofringa relstion

has no meaning. Narath (refs. 3.29, 3.33) and Bose (ref. 3.34)
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hafe discussed extensively the various contribﬁtions te the
Knight shift K and to the relaxation time Tyo

| Moriys (ref. 3535) has considered the effect of electron-
electron inperactipn on the nuclear spin relaxation in metals.
The magnetic sggceptibility enhancement factor for the relaxation
is an.a§erage of (lpv'%g(f(q))'l over all q values which span
‘the Fermi surface. For a spherical Fermi surface, f(q) is
defined in chapter one eqn. (1.13). Narath and Weaver (ref.3.36)
have given a complete digcussioﬁ of various possible explanations
for the remaining discrepancy betweeﬁ theory and experiment.
They show that the correct. form of the Korringa relation for an

enhanced host is

1 1 '
-0 = xK(d) - (3.42)
Tl TlK i
where 4 '
Kl ) = L - £ )2
1 -4 flq)

K(& ) and A have been defined and tabulated by Narath and
Weaver (ref. 2.36); Moriya (ref. 3.35) and recently by Shaw
-and Warren (ref, 3.37). The Korringa relation may also be
affected by considering the Bottleneck effect as is shown in

_the next section,

3.403 ¢ 2 Linewidths for Bottlenecked E.S.Re.

The bottleneck phenomenon can be derived from phenemeno-
logicél macroscopic eqguations of motion for the various magnet-

jzationa, and one finds that the conditiens for bottlenecking

.arezs
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1. The g-value of the impurity should be near that of the
éonduction_elec§ren_spip i.e. near 2,
2. The spin-lattice reloxation rate of the impurity must
beiéﬁfficiently smally
.Hasegawa (ref. 3038).studied the problem in dilute systems
“and 6btained expressions for the g-shift and linewidth in terms
-~ of the stfgngth'ef_phg phgrmal contact-between local moments,
-.1.cqnduc;ion‘electréns'and the lattice as illustrated in figo.(3.8)0
AHéjéégdribed thé pﬁysical situation shown in this figure, by

considering the phenomenologicsl equations of the Bloch form:

M. =’o‘M'/\(H. +AM;) ! (M, MO ;,_;_
e =THA Mo + AM) -7 We-lte) v T My (3.43a)
and . 1
My =T A (Hy ) ¢ M - 2 (3043b)
e1i ie

The parameter‘% is proportional to the value of the exchange
coﬁpling of the form:

N = am * B (3okky)
Tei and Tie sre the relaxation times from the conduction
electrons to the local ions and vice versa. Tgy is the
‘relaxation time from electron to the lattice, Me and.Mi are
the total magnetization vectors of fhe conduction electron
spin and lecal mement spin respectively. He assumed that in
an equilibrium situation the magnetizations Mg and My are
constant and have é definite value Mg and Mé) satisfying a
law of detailed balances

o B@?_ Tei _ Ke

MO Ty, T %y (3045)




-~ (N
Local < %el Conduction Co el R ttice
moment electron

Fig. 3.8 Schematic diagram of the relaxation for the

local moments in metals.




7.
Hasegawa solved this coupled set of equations to obtain

expressions for both the line width of the resonance and the

gfsh'ift'. These relations can be written as follows.

%2

beg- -
1+ x2) + (YAXiH/§ o4)?

D e, (3.46a)

o DH - (1+ x) + (FA X H/ G 61)? 5.
| (L+x)2 4 (¥2AKH/g )2

(3.46b)

X = See * 8 = 1 o 1 1 -
' /Deis Ot Te ° coei = 7. 2ie = — 5 X¢and
ei Tie ” :
X o are the susceptibilities of the magnetic iens and the
conduction electrons. By neglecting the dynamic term

_(-77\?(1,}{/ %éi) from the equations (3.46) we can get

Ag = B°D g (3.47a)
end - TAH - BRie | (3.47b)
where B (= X ), is termed the bottleneck factor,

1+ x '

The effective line width in this equation differs from the simple
Korringa result of equation (3.41) by the bottleneck factor B.
Tei is given by Overhauser (ref. 3.39) for the relaxation

rate from conduction electrons to the ionic system and may

be written as:

Sei=

L= ( _870) N(Ep) JRS(S + 1)C  (3.48)
Tei 3h |

where C is the concentration of magnetic ions. § of can be
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separated into two parts, one of which is independent of the
ienic concentrationvapd gives the relaxation rate g;% charact-
eristic of the undisturbed host-lattice. The other is prop-
ortional to the ionic concentration, and srises from spin-flip-
scattering at the impurity due to the spin-orbit interaction

(ref. 3.40) and may be written as

o) : T . '
%el " Cop + 48efc | (3.49)

de

- The expréséions above (3.472 and 3.47b) may be evaluated

. for two limiting casess

l.. : .'Tef_<< Tei
This is known as the unbottlenecked limit in which the

full g-shift should be observed and the linewidth becomes

TOH = B0 (3.50)
which yields the simple Korringa result of equation (3.41)

as explained in section (3.4.3 ., 1)
20 Te( >> Tei
In this case the conduction electrons relax to the ions
. faster than to the lattice and the.relaxation of the ions is
' said te be bottlenecked. The g-shift is then reduced from the

full value by s factor (%e(/g ei)z’ and in the limit the

linewidth is given by

nH . Oed x G
% ei

- (31{ T N(Ep)/ 25(S + 1) c)gee (3.51)

This formuls describes the dependence of the linewidth on
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both the temperature and the concentration eof the magnetic
impurit‘iles, and provides a useful means of identifying
bettlenecking_ in a selid solution‘e,lloy system.

The existence of the_ bottleneck has been verified by
studying the dependence of the E.S.R. linewidth on impurity
concentrat;ion, C, and eonduction electron relaxation time
Te¢ by several authors (refs 3.41, 3.49), as shown in fig.(3.9).

The Hasegaws equations have been generalized by many authers.
Cottet et al. (ref. 3050) and Davidov and Shaltiel (ref. 3.51)
have considered _t?he effect of the dynamic parameter (‘V/'\xiH/g ei)
in equation (3.46a). They found that whenSei is of the same
order of magnitude as Sep 1 the gwehift is reduced from its
-i.’ull'unbottlenecked value, for either a reduction in temperature
‘ ei‘. an increase in the concentration. Schultz et al. (ref. 3.52,
3.53) have extended the Hasegawa theory t,o.include a direct
relaxation path Tie from the local moments'to the lattice
,.(i.e. in addition to t,he ‘Kbrringa’process) and show that the
 observed linewidth may then be given by
TOH = Qe - Y -

1+xr i+ x.

(3.52)

where x, = S'ei/ 3 te

Nokamura (ref. 3.42) modified the equation (3.47b) by adding

directly the relsxation T4p which represent the residual line-

width aﬁd obtained.

AADH = BS. + $i¢ (3.53)

Giovannini (ref. 3.54) has shown that Hasegawa's equation

(3.43) does not satisfy the requirement that the energy absorp-
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FIG. 3.9 Concentration Gependence of the slope (with respect
to temperature) of the ESR linewidth in Culn. The

dashed curve is a vlot of eqn.(3.51). (ref.3.%?).
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'tion is always positive definite, and has prepesed other

relaxation terms,

M =% CMA (H M) -5 so (M= X5 (BeAMy)  +8q5 (M X, (HF A, )

VM; = (Mg A (HeAN) - (§ e &) (M=%, (e Al

+6 5o L0 -, (1 +A )] (3054)

where H +?\Me.and'H +7\Mi are effective fields on the local
ions and the conduction electrons, respectively. Xe (H +A Me)
and xi(H +A M) represent the equilibrium electronic and
ienic magnetizationo

3eLe3 4 3 Review of the experimental results of E.S5.R in
' metallic iens.

We have mentioned some of these results in chapter two
. to compare the values of the exchange parameters.J obtained
from E.S.R. measurements with the results from other techniques
such as N.M.R. B In this section, an attempt has been made to
review the eiperimental work on the E.S:R. of inter-metallic
compounds. »

Jaccarino et al.(ref. 3.55) obsérved electfoﬁ spin reson-

ances in the intermetallic'compounds EuA(’2 and GdA?2 between

100 K and 300 K. They found AH = 900 % 30 Gauss for the
1.982
1,99,

which is close to the Eu free ion value.

L

half power width of the line and g 0.003 in the case

0,003 at 300 K

it
i+

of GdAly.  For EuAl, they found g

Shaltiel et al. (ref. 3.56) measured the g value and
linewidth of GdNig and GdCusg st 78 K and 65 K respectively.
They found a g-value of 1,942 % 0.007 and AH = 905 Z 90 Gauss
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for the Ni compound and g = 2,009 * 0.007, AH = 875 Gauss
for Cu compound. They interpreted the positive g-shift in
' GdCu5 and the negative g-shift in GdNig to be due to true
exchange and.due to the high density of states in the almest
full d-band, respectively.

’ ,Wernick et al. (ref. 3.57) investigated EuA(h'between
1.8 X and 295 K and obtained a high temperature g-value of
©1.995 2 0.04 with half width at half pewer of 430 Gauss.

| Davidpv_anq Shalt;el (ref. 3058) measured the g-value of
the'comPOQQQSHGdACZP GdRhy, GdMn, and GdIr, finding negative
' g-shifts for all these; the value for GdAl, agreeing well with
the brevious messurement (ref. 3.55). | -
~ Hacker et al. (ref. 3.59) have obtained a value of
v‘_gi# l.98h'i‘O°O03 for GdAe2 2t room temperature, in excellent
égréemenﬁ with the results above. | | |

Very recently Taylor (ref. 3.60) investigated the temper-
aﬁure dependeqce of the g-value and linewidth in GdA€2 compound
between 80 K and 300 K. He found g-value of 1.989 % €,005 in
agreement with sbove in paramagnetic regime and the linewidth
has a slope of 2.1 G.k-1. - He found the absolute value of the
linewidth at 295" K to be 517 ¥ 25 Gouss, and 445 I 2 Gauss st

260 K.  Below 200 K the linewidth broadens rapidly with decreas-
ing temperature.

- The tempersture dependence of the g-value and linewidth in
'thevcompounds GdNi, GdNi2 and GdNi5 has been investigated by
Ursu‘aﬁd Burze (ref. 3.61) between 100 K and 300 K. These |
results are tabulated in table (3.1). The g-value for GdNi5
:ié in good agreement with_Shaltiel et al. (ref. 3.55). They

found that the g-value was constant over all temperatures.




GdNi
GdN12

GdNi
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- Table

N
- 0,014
- 0,012

- 0.048

AH/T calculated

"

3,00

— -

2,20

5.50
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The line-width datas were linear with temperature with the slope
"shown in table (3.1). A value of K( ),equaI;O.l,in equat-
ion (3.13), was assumed to bring the messured values of g and
dAAH/dT into good agregﬁepto E.S.R. measurements on the RE002
(RE, Gd, Tb, Dy, Hoe and Er) compounds were performed by Burzo
(ref. 3.62). He found the folleowing:

1. GdCoyp showed an apprecisble narrewing of the line width

as the.temperaturg is increased up to approximately 405 K.
Above this temperature the line width broadens rapidly. This
measurement was ¢arried.§ut between 380 - 426 K fig. (3.10),
.:thé g-value‘changing with temperature as shewn in the figure.
He_fouﬁd‘that'phe g-values are smaller than those of the Gd>*
,'ién, indicating in this case a negative polarization. He
 claimed thatAthe cause of this effect is associated with the
presenée of magnetic cobalt atoms which determines complex inter-
actions in the compound and éonseduently the magnetic behaviour
,cénnet:beAﬁéscribed by the simﬁle Hemiltonian of the form J.Os

"Qharaéteristic of RKKY interactiens.

2o TbCo, shows a resonance signal in the temperature range
223 - 245 K. He found that the g-values could not be deter-
mined because of the wide line (AH> 3500 Ce).
3 DyCo, gives a minimum of the line width at u1 K
~(‘A'H =‘2200 Oe, g‘= 3.40 i 0.20). The line rapidly brosdens
as the temperature increases. Ne resonance signals were observed
for HoCe, and ErCep betwéén 163 and 300 K.
Shaltiel et al. (ref. 3125) have measured the Gd g-shift

in LaN15 for a few samples of relatively high Gd concentrations

at the temperatures 20 and 60 K. They found a lsrge Gd g-shift
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- which depends~both on temperature and on cencentration. They
_,explainea this behaviour in terms of dynamic effects,équation
'Bokéq ~ Davidov et als (ref. 3«63) also investigated the same
System with varying Gd concentratien between 0,005 and 0.1,

and feund the following.

1e : For Gd concentrations above 1% in Gd, Lal X NiS’ the
, g-shift veries appreciably with temperature, whereas for lower
. Gd concentrations (x <\0.01), the shift was found to be almost

Atemperature-independent.

'i:ZQFI At h 1 K both the g-shlft and the line width are concent-
vration-dopondent. o
'“'Theysemphasized that the varistion of the ienic g-shift as
:‘a function of temperature and cencentration is mainly due to
}'t‘he' varistion of the ratio¥A 9(11-1/5 el s with these perameters,
A theteffect due to the bottleneck is much smaller as can be
“verifiedﬂby‘equation (3.46)0 However, the incresse in line
width with coencentration was not explained by the abeve theory;
‘instead it was ossumed that local clusters of Gd iens resulted
in inhomogéneous breadening, with exchange narrowing at higher
concentration. |
Dsvidov et al. (ref. 3.64) also 1nvest1gated the system
de Zrl -x Zny (x = 0.06, 0,05 and 0.03)o They .found that
the line width varies with temperature ond has a maximum at
‘approximately>h0 K.” Above 4O K it decresses sharply up to
‘6Q3K and then increases moderately at the rate of approximately
3 Oe per degree at higher temperatures. The g-shift is always
g’negotive:_'it varies with tempersture, and has a msximum at 30 K,

a shallew minimum at 50 K; and decreases asymptetically at
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higher temperatures. They_claim that a fairly good fit to
the data abeve 20 K may be ecbtained by consideration of dynamic
effects, equation 3..46.

The measurements by Debray and Ryba (_ref° 3.65) on GdZn,
by E.5.R. show the g-value to be independenﬁ of temperature and
equal to 2{029 # 0.005, _?he line width increases linearly
with temperature with a slepe of % 4.4 Gauss /Ko The observ-
atien of a pesitive g-shift indicates the dominsnce of the 2x-
change parameter.

| ~ Schifer et al. (ref. 34&8) observed the resonance in
Gdg¥y.xAl, for (x = 0,003, 0,005, 0.007, 0.01, 0.02, 0.05).
Thcy'feund the line width changes linearly with tempersture,
tﬁéiél@pes being cencentration-dependent, decressing with
increasing Gd concentration; They observed no measurable
g-shift,. These observations were taken as a strong indication
that the systém Was well bottlenecked. By adding Th to the
compounds they_observed that the slope of the line width increases
with incressing Th concentration,; but at fairly high Th concent-
rations the slope becomes nearly independent of the Th concent-
ration and spproaches an upper.limit of about 4O0G/K, and the
observed line width corresponds to the Korringa rate. They
claimed that the relaxation can be changed continuously from
the botflenecked region to the isothermsl limit, where the
conduction electrons are in thermsl equilibrium with the lattice.

Recently, Koopmann et al. (ref. 3°h6)'observed the reson=-
ance in Gdy Lal;x A?z and Buy Lal_fo% (x between 4% and 0.08%)
for Eu and (x = 1% and 0.02%) for Gd at temperatures 1.7 - 25 K.
The line width was found to be 300 Gauss for Eu and 100 Gauss

for Gd at 1.7 K. A positive g-shift wss obtained of value 0.05
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for Eu and 0.1 for Gd. ‘

More recently, Dsvidov et al. (3166) have reported
E.S;Rf measurements on the compounds Gd, Lal;x A£2 which may
'»indicate'the éxistence of a bottleneck effect. Their results

can be summarized as follows.

1. " The gévalue and line width AH change appreciably from

one sample to another. Any increase in the slope of the line
width is always associsted with an appropriate increase in the
effective g-valuéf - This indicétes the presence of bottleneck

effects in the magnetic resonsnce.

26 The lowest value obtsined for g is 1.988 ¥ 0.003 which

is in agreement with the g-value of GdAfQ° The smallest

_observed x}alue of AH/ AT was 20 G/K.

3.  Substitution of ThAf, in place of LaAf{, in Gd Laj_,Als
increasses bothng and » H/_/_; T. The maximum value of A g and
~H/ 5 T is 0,11 = 0,01 and 70 G/K, respectively. These
values are independent of further increasse in Th concentration,
and are idenﬁified as the fully-unbottlenecked g-shifg\gnd line

widtho

Lo The g value was slightly temperature-dependent, increasing
by 0.01 £ 0.01 in the high temperature limit. This effect,

as well as low and high field measurements, indicates that the :
.dynamic efféct; though small at high tempersture, csnnot be
éompletélylneglected here,

o From theée results they proposed a two band model of the
followiﬁg character. (1) Jf;s between the Gd 4f electrons

‘and the s-band conduction electron is positive. () Jp-d

_ between Gd 4f-electrons snd the d-band conduction electrons
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 is negativedvy
Thesézassumptions lead to the following equations.

2

BB =DE; +1E X v
- (1+x)2 + (-'b'?x'XiH/%'ei)z

Ag. T8 T
g MB

[ (08q)? Fg Kd(oy) + (ngy)* Ky (dg)

(‘ x(1 + x) + (¥A% H/ % ei)2 x ):‘
(1 +x)% + (TN H/ cbei)z

where the s-band relaxes weakly to the lattice and is therefore
- bottlenecked,'and the d-band relaxes rapidly.to the lattice and

is therefore unbottlenecked.
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CHAPTER 4

- EXPERIMENTAL TECHNIQUES

Lel NMR Spin Echo Instrumentation:-

?he-pulged Nuclear Magnetic Resonance Spectrometer requires
a pﬁlse.generator to provide a suitaﬁle pulse train, a trans-
mitter for generating the radio frequency (RF) field, a pre-
amplifier - receiver unit for processing the signal, and a
probe to couple the sample to the transmitter and to the rec-
eiver. | _

A block diagram of the NMR Spin Echo system is shown in
fig. (4o1),where the radio frequency (RF) power is derived from
the pulse generator - transmitter combination. The RF power
was coupled into the sample by means of a coil surrounding the
specimen tube. The signal detected by the same coil was ampe-
1ifiedfand then mixed with a continuous wave (CW) signal from
théilocal oscillator, thus producing a 30 MH, intermediate
frequency (IF) signal displayed directly on an oscilloscope
haying a vertical band-width of 33 Mz, synchronized from the

pulse generatoro

Ls1.1 The Ssmple Probe

The power reduirements of the RF transmitter used in an
NMé exﬁe;iment depend not only on thg gyromagng;ic ratio of
thé nuc leus being studied, but also on the sample 'coil geometry.
| It has been shown (ref. hol)'fhat the RF power H; in the

sample coil is given by:-

Hy = 3(PQ /\Jov)l/z' (1)




OHO= NIdS dAN 40 Wvdovid MO01d 179

0dd

. 2qoud
S 01| | epus

Bug A Y

Xd P=<—Ft—=q | t——'9d







or éiﬁernatively‘

H 307 (PT,. / V)1/2 (2)

1=
with »
Q=15 V, T,
where P is the transmitter power in watts, Q is the
quaiigy factor, ), is the resonsnce frequency in Mz, Ty is
the ;ise and fall time of the envelope of the RF pulse in
migroseconds, 2Hy is the RF field in_gauss and V is the volume
of:the sample coil in cubic centimetres. To obtain the largest
output signal from the probe coil, the "filiing factor" (the
ratio of the sample volume to the volume of the cqil) must be
kept as‘largg'as possible. This is achieved by using a thin-
walled qﬁartz tube to contain the specimen.
The sample probe that has been.used is shown in figo(4.2) -
The quarté tube with its powdered sample is placed in ng the
probe c011 whlch is tuned with the cap801tance Cl to obtain the
maximum RF field Hl and to recover a nuclear signal with the
greatest sensitivity. The probe coil acts as both the trans-
mittér losd and the signal source for the receiver.

. The sample coil is 3 single-layer helix ~/ 1.1 cm long and
loé cm in diameter, small enough to fit eésily inside the tail
'ofithezhélium dewar. It can be moﬁntediﬁertically or horizont-
-aliy fo allow the direction of Hy to be varied for use in an
extefnai magnetic field. The numbér of turns on the coil depends
upon the range of frequency being used. The feeder lengths shown
in flgo 4.2 were determined empirically to give a satisfactory

compromise between maximum power at the sample and maximum signal

at the receiver input.
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: 4;1;2~ Pulse Generator:-

This unit was a commercial system (Farnell Insﬁruments)
and élloﬁed the Pulse Repetition Freduency (PRF), Pulse width,
Pulse Delay (the time between the two pulses) and the output
pulse amplitude to be controlled independently.

‘A maximum of three, positive or negative-going pulses
could be obtained with a PRF varying from 1 Hz to 10 MHz in
seven ranges. The delay is adjustable from 0.1 m s. to 1.0 s
in seven decade ranges. The pulse width can be adjusted over
a range from 0.1 MSo to 1.0 s 3lso in seven decade ranges.
The output pulse amplitude can be varied from 10V down to 30mV
inistepped ranges of leBo A continuous level control enables

the output amplitude to be varied between these steps.

Lolo3. The Transmitter and the Receiver:-

Thése units were designed and built by Dr. G. Brown for
this particular research work, but for completeness some details

1

ofithéhéirguitry will be included here.

'Lol,Bo': 1 The Transmitter - figdh.3)

lThis is basically a high-pawer double - tetrode oscillator
witb éapacitive positive feedback, the output of which is
inéﬁctivély coupled into the feeder leading to the probe coil.
The grids are normally.biased to = 150 vélts, so that oscilla-
tion is only possible when the cathode approaches this value.
}Under normal conditions, the cathode is at earth potential and

the valve is cut off.

The triode modulator controls the cathode bias and operates
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on a negative rail of - 150_volts° The quiescent current
through the 2.7 K and 33 K resistors cut off this valve.
When a 20 volts positive pulse is applied through a DC block-
iné condénser to the grid, the valve is biased heavily "on"
and the anode is brought down almost to the cathode potential
(~ - 141 volts). Direct coupling from this snode to the
oscillator cathode brings the power valve into oscillation,
and it will remain oscillaéing until the pulse is removed and
the cathode assumes earth potential again. The diodes prevent
overéhbot of this transient; ensuring a clean edge to the RF
pulse. o

The'power supply for the transmitter, shown in figoh.L is
conventional. Each valve has a separate heater supply to min-

imise RF coupling.

‘h°1°3 . R The Receiver - Figsgih;s)&ihoé)

The signal from the probe coil is fed directly to a trans-
istor amplifier with a crossed-diode limiter at its input.

This amplifier has a gain of ~ 10dB and its output is again
limited before being fed to the integrated circuit (I.C) mixer
(Texss Instruments type 76514N),

The output of an external local oscillator (Msrconi TF 801/B5
is fed into the double;balanced mixer which re jects both the
inﬁut frequencies; leaving at the outpﬁt, only the sum and diff-
erénce frequencies,; and some harmonics. Pins 3 + 13 are anti-
phése outputs and the resulting signals are applied to a push-
puil tuned filter operating st 30 MHg. The capacitive centre-
.Lap.provides good matching to the 600 SL output of the mixer.

The I.F. amplifier consists of two linear (i.c.) amplifiers
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with single-tuned 30MHy transformers in the outputs.. The low-
impedance output of the final stage is transformed by a 7\/h

feeder to match the high-impedance oscilloscope imput.

ke2 E.S.R. Spectrometer:-

ik Elgqtron spin resonance measuremeﬁts were made on a
conventional X - band reflection spectrometer. Microwave
power is fed from a 9 GHz Klystron to a ™magic T" which Splits
the power between a "sample" arm and a "balancing" arm. The
"bélancing" arm contains a phase shifter and an attenuator,
followed by a short circuit. It can be shown that the imped-
anéé bfdthe cavity in the "sample" arm, as seen at the magic T
juﬁcﬁioh, can be matched exactly by the impedance of the "balanc-
iné" arm components, when qorrectly adjusted. Two identical
signals thus reach the series junction of the magic T when the
balancing is correct. The symmetry properties of a series
junctibﬁ (ref. 4.2) make it impossible for two identical signals
infthévqpposite arms to be propagated in the ad jacent arm.

When the external conditions are correct for a sample resonance
to occur, the cavity Q, and hence its impedance, changes. The
~ bridge is now unbalanced and microwave power then passes equally
(a) into the detector arm
(v) back towards the Klystron.
Paft (a) is mixed with CW power from a local oscillator
Klystron in the first detector of a conveptiéhal superheterodyne
reéeivero The L.O. klystron is frequency - locked 30 MH; from
the monitor klystron frequency which, in turn, is frequency =-
'1ocked ﬁo the sample cavity; For recording sample.resonances?

the signal to noise ratio is increased by measuring the differ-
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ential absorption signal produced by small - amplitude modula-
tion of the magnetic field at 180 Hy, and by subsequent phase
sensitive detection..: The overall block diasgram is shown in

Fig. (4.7) and is discussed by R.P. Hunt (ref. 4.3).

Le3 Specimen Preparation

Spebimens were prepared in the.form of buttons of approx-
‘im%tgiy three grams weight by melting the compounds in an arc
: furnéée and in an induction furnace. The fare earth of Yttrium
elements were obtained with a purity of 99.9% and the transition
metals (irons, cobalt, aluminium) were obtained with a purity of

99.998% from Koch - Light Laboratories Ltd.

ho3ol Rare Earth - Cop

The melting took place on a water-cooled copper hearth
under an argon atmosphere at a ﬁressure of about 400 torr.
The argon was ohtained as 'Puragon’ with an oxygen content of
no more than 3 DoPoMo The src furnace was pumped down to 10"’3
to;r then flushed with 'Puragon®! to 700 torr, pumped down to
10“3 torr again and then filled to 400 torr with'Puragon'®.

This procedure ensuréd thst the oxygen content of the atﬁospheré
in the furnace was down to the same order of magnitude as that
of the Pﬁragono A tantalum getter was heated for a minute
before_melting the sample components together in order to
pufify further the atmosphere in the furnace.

 The sample melting was done at as low a temperature as
poSsible to minimize loss of materisl by evaporation. ?he
lower face of the melted button is in contact with the cold

copper so that it is necessary to turn the specimen over and
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remélt it several times to obtain a2 homogeneous mixture. The

weight loss was usually no grester than 1%9

Le3.2 Rare Earth - Aeg

Semples of (GdAl,, (Gd,Y)Al,;, (Gd, Dy)M, and Gd(Co,Al),
were prepared by'melting the components in the arc furnace as
above for the first melting. The resulting ingots were exceed-
ingly brittle and shattered on re-melting, thus it is impossible
to re-melt these compounds using the arc furnace. Instead we
have used an induction furnace for the second melting of thé
sbgcimens; The induction field is set up by a high RF current
whgch flows through a coil which is drivén from a 25 kW gener-
apof, wérking at a frequency of h65 kHz. The melting has been
doﬁé»inside a water-cooled enclosurég,which is placed in the
coil, at a pressure of about 10°3 torro Quartz crucibles were
used as the containing vessels.

Annealing of samples was done on half - buttons wrapped in
molyﬁdenum or tantalum foil and placed in a quartz tube.

Seiefal éamples were placed in one énnealing tube and each was
spaced from its neighbour by a short length of quartz tube closed
at.one end which fitted freely inside the annealing tube. The
anﬁeaiihg tube was filled with ’Puragon“and gettered by the

saﬁe procedure as described aboﬁe for pféparing a sample button.
The argon‘was then pumped out to 10=3 torr and the samples isol- }
atéd from each other and the atmospﬁere by coilapsing the quartz i
tube onto the spacers. The samples were then ready for anneal- ;
viﬁgo The annealing time was seven days at a temperature of

800°c, ‘

Powdered samples from the specimens were examined by X-ray

S
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diffraction; X-ray photographs were obtained from a rotating
powder sample using a Philips 360 mm circumference Debye -
Scherrer X-ray camera and cobalt Ka = radiation. The results

will be discussed in chapter 5.

L.l Curie and Neel ‘temperature determinstion (A.C. Suscept-
- ibility Techniqueoi

The principle of this technique is described here briefly.

A detailed description can be obtained from (refo Lok)o A
small transformer is powered by a 500 Hz sinusoidal voltage
which induces an A.C. field of less than1 Oe in the core of the
transformer. The core of the transformer consists of the sample
in powder form. Thus the secondary of the transformer gives an
output voltage which is proportional to the permeability of the
core, Since thg filling factor of the measuring coils is
significantly less than unity, they are connected in series -
'Opﬁosition with a small adjustable ferrite-cored transformer to
form a Hertshorn bridge. The total'output of the two trans-
formers may thus be nulled in the absence of a sample. The
output in the presence of a sample is then proportional to 9(Aé,
the initial susceptibllltz of the sample in an A.C. field.

This output is amplified and detected by a phase - sensitive
detector. The resulting signasl is applied to the Y - input

. of:an'X ; Y pen recorder, The temperature of the sample is
obéained from a thermocouple whose sensiﬁg junction is placed

in the powder sample. The output voltage of the thermocouple
is applied to the X input of the X - ¥ recordero. Thus, as the
temperature varies the’Xﬁ@ vs T plot ié traced out., Typical

output shown in fige (4.8).
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ijdm the form of theX 4~ vs T plot and from what was
known about the magnetic properties of the material it was
possible'to decide whether the sample ordered antiferromagnet-
| icélly or ferromagnetical}yo In the case of antiferromsgnetic
samples a sharp peak is expected, the temperature corresponding
to the peak being the ordering temperature of Neel point Tye

In the case of ferromagnetic sample the ordering temperature By
of ferrgmagnetic is the temperature asbove which spontaneous

magnetization just disappears.

L.5 Temperature Control

Lo5.1 The Cryostat:-

A The cryostat was designed for containing liquid helium

in order to meésure the hyperfine field of a sample from 4.2 K
'upito-foom.temperatureo The dewars are made of pyrex glass and-
are'taiiéd as shown in the diagram, Fig.(4.9). The dimensions
-aré.listed in the table (Lol)? The nitfogen dehar was evacu=
ated.and sealed permanently, but the inner heliuﬁ dewar is |
flushed with air and punped on each occasion it is used to

remove an& helium gas, which can diffuse through the inner wall,

Lo5.2  Temperature measurement

This was done by means of thermocouples. Two thermo-
coqples.were available. One was of standard thermocouple
’quéiity:copper and constantan wires, insulated with PTFE
slée%ing, and the junction made in a normsl bunsen flame; for
use'at temperatures above 77 Ko The other was of gold - copper:
copper for use between 4.2 K and liéuid nitrogen and the thermo-

emf. was measured by a Pye Portsble Potentiometer in conjunction



FIG.’4.9 Dewar Vessels

N

N/

=€ =7

-Y_

Table 401
Dewar ‘Dimensio-n in ¢m
a b c d e £
Heliunm 4,15 50551 43.50 2.95 1.80 14,50
Nitrogen 9,3 11.5 20,0 4,80 2.2 16,0
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wifh_ah:external'Scalamp‘galvanometero

| ‘The thermocouple was in contact with the powder sample, in
the NMR spin echo measurements, and the temperature runs were
perforhed whileAthe sample was warming ﬁpo

érIﬁ-ESR ﬁgagurements the resonance cavity is‘evacuated and

filléd,with.helium ges; The caviui is placed in a glass dewar
and cooled by contadp with 'a series of different melting-point
Amixtu;éso The materials and their}releyant temperatures are
listed in table (A?Z),_ These mixtures were prepared by emulsi-
- fying with liquid nitrogen until equilibrium was achieved at

the required temperatures.




Table 4,2

Material Temperature
250 K Carbon Tetrachloride
223 K Pinene
200 K Co2
179 K Methylalcohol

143,3K : n. Pentane
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CHAPTER 5

EXPERIMENT AL RESULTS

5.1 Lattice Parameters

The measurements were made on the following compounds
1. (a) Gdy_, Y Al, (x = 0.1 to 0.9)
(b)  Gdy_y La, AL, (x = 0.1 to O.l)
(¢) Gdy__ Dy, AL, (x = 0,03, 0,05, 0.07, 0.1)

d) Gd  (Coy Al - = 0,1 to 1.0
(d) (Coy_y x)z (x o 1.0)
2. Rare earth Co,

The_compgupdg were prepared from 99.99% pure aluminium,
99.99% pure cobalt and 99.9% pure rare eartﬁ metals by arc
and induction furnece melting (38 explained in chapter L,
section 4.3). The ingots were annealed for about a week at
800° C.  Powdered samples from the button specimens were exam-
ined by x-ray diffraction. The films so obtained were analysed
in the usual way, the lattice parameter being derived from a
Nelson Riley extrapolation (ref. 5.1) to eliminate systehatic
errorso- A computer programme was written for analysing cubic
péwdef diffraction patterns (ref. 5.2). All the compounds
(éﬁcept Gd(_Col;x ACx)z) were single phase and shown to be cubic
C15 (MgCug) structure. The 1attice'parameters of the first
three’cdmpounds are given in tables (5.1, 5.2).

Thé lattice parameters of Gd(Col;x Aﬁi)g are summarized
in table 5.3, Thevstructure‘changes from Clsuto Cl4 and then
back to C15 occurs as follows:

a)  The cubic MgCu,y(C15) type is stable from Gdﬁez to
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[4

\ Y
Gd (Coy , ﬁeoos’z

b) The hexagonal MgZn,(Cl,) type is found from Gd‘c°o°3Aeo°7)

to Gd(Co007 AZOOB)Z;

2

c) The cubic MgCu(Cl5) again is stable from Gd(Coy g Aeo 2)2
to GdCo,.

'502 Curie tempersture

| The Curie temperatures of these compounds were determined
by using an A.C. susceptibility technique (see chapter 4,
section Lab)o ) For the compounds with Yttrium, Lanthanum and
Dyéprogium as diluting élgmegts, the decrease of the Curie
teéperéture proceeds lingarly with the composition x, as shown
" in the figure (50.1) The Gd(Col;x_ACx)2 samples show a comp-
" licated béhaﬁiour{where the Curie temperature decreases linearly
ffom pure CdA(z to Gd(Coy » Aeoeg)z'and from Gd(c°0;8 A£O°2)2
to»pufé GdCoz; whereas.for Gd(Coooé A€004)2 and Gd(CoO°7 A€O°3)
‘there are two transition temperatures indicating the possibility

of two phases (figo 5.2) in the specimen.

5.3 Spin Echo observation

B In the spin echo experiments (see chapter 3, and 4), the
'écho amplitude, obtained from the oscilloscope;, is measured as
a function of pulse separation and frequency, assuming that the
other varisbles, e.g. pulse repetition frequency (PRF) and

pﬂﬁée width are fixed., The results are given for the following

caseso,




Table 5.1

Lattice Parameters of Gdl;xyxAC2 , C15 Cubic Laves Phase

Composition Lattice Parameter in

" g
o 7,900 % 0,001
0.1 | 7.89L t 0,001
0,2 7,889 * 0,001
0.3 7.886 % 0,001
0ol 7.88, = 0,001
0.5 7.875 I 0,001
0.7 7.8,9 % 0,001

0.9 7.853 % 0,001
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Table 502

Lattice Parameters of Gdl@xlafo2 and Gdlanyer 9

Cubic Laves Phase

~ Composition Lattice Parameber in
: x .Aiﬁ

Gd, La AL,

0.1
0.2
0.3
 Ouly

Gdl-xDYxA

0,03
0,05
0.07
0,10




Lattice parameters of Gd(Cbef

Composition

0
0.1
0.2
0.3
0ol
0.5
0.6
007
0;8
0.9

1.0
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- Table 5.3

Struétu}e ; (i)
C15 7,900
Cl5 7,850
C15 7,780
cih 5,460
cl, 50460
Cly 50 4,0
C1y 5038

C15
C15

C15

Not indexed
7.340

7304

7.255

1-x)5

o
c(A)

8,740
8,640

8,520

80'510

c/a

1,582
1,584
1,578

1,578



Temperature

Curie

Fig.51 The curie temperature variation with concentration for
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50302 Ga A* AL, (A =Y, La, Dy)

“ .In this case we are ;nvestiggting the 27A€ resonance
in Gdy_, Ty Aly, Gdy , La, My and Gdy_y Dyy Ap.  The
rf field strength of the two pulses of 5 M S duration with
70 Hz P.R.F. was adjusted to maximum echo height. The echo
amplitude for GdAf; oscillated as a function of the pulse
spacing T as shown in fig. (5.3). This oscillation vanishes
at T = 27 MS, For this reason the line shape measurements
"have been carried out where the separation between the pulses,
was kept constant at about 30 msec.  (The line shapes of the
~ resonances were determined by point;toapoint plots of the echo
amplitudes as the frequency of the rf was varied in 0, 5MHz
stepS)Zl __.

| All measﬁremen;swwere performed at ho? K, except for
' G@Aeng@e;e the echo amplitude has been measured as ijuhction
ofitemperaturg up to 27 K_where the echo disappeared into the
receiver noise. F@gg(th)shows the reciprocal of the echo
amblitude as awfupction of temperature. The measurements were
made:in zero external magnetic field. Prior to the measure-
. ments, however; thg samples were magnetized after cooling down
t6 4.2 K in a field of 9kOe applied perpendicular to the rf
fields

. .ihe obgerved'gcho amplitude as a function of frequency
shéﬁld.be corrected to determine the true line shape.alpng
the‘wide range of frequency. Sprée#er and Uriano (refo503)
found that the echo amplitude must be divided by square of
the frequency at each point along the resonance line. This

correction was proposed because the spin echo signal observed
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Spin echo oscillation as

‘a function of T, the

frequency is 61.5 MHz,
for Gd Af,.
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FIG.5.3b

Spin echo oscillation as a function of T,
the frequence is 49.5 MHz, for Gd Al,.
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in a free precession experiment is proportional to the macros-
copic momentM™. Thus the e.m.fo is proportional to wl,
Because M is proportional, in turn, to the microscopic moment
multipligd by the nuclear polarizatiop, the experimental echo
.;ntensity at eathfrgquency is divided by the square of that
: frequency. Kobayashi (ref%B;L),and Kubo (refs 5.5) found
that the observed distribution of the echo height against freg-
ueﬁcy was better corrected by a factor u{BQ

In the present measurements we found that a better fit to
expériﬁental data was obtained by dividing the echo ampliﬁude
by_uJ3$

’ The observed echo amplitude, which is used to plot the

resonance lineshape must} in theory, be corrected for signal
_redﬁction caused by relaxation effects. In other words the
ecﬁo Height at "zero time" must be calculated from an extra-
poiéﬁioﬁ of the relsxation-time graﬁh to 2T= 0, However, we
have found that, in our samples, this correction does not alter
thé lineshapes sign@ficantlyg 80 it has not been applied.

The spectra shown in figs. (5.5, 5.7) are corrected by (U -

and smoothed twice according to

_ (\))=%E(U)+3:LE(U=-OO)+F‘())+O5J
where O, 5MHz is the distance between the measuring points.

For x = O, i.e., in pure GdAZ2 the <7a{ resonances
(fig; 5.5) are found to be essentially in agreement with those
reported by Shamir et al. (see chapter two). The two lines
at about 49.5MHz, and 61.5Miz (half width = 2,2 Miz), with an
inﬁensity ratio of sbout 3 : 1, have been explained as being
due to 27pf nuclei at the two different sites in (111)
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FIG.5.6A? resonance in Gd, ,la, Af, measured at 4.2K

with Hext=0 corrected and  smoothed.
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FIG5.7 A& resonance in Gd, Dy, Af, measured at 4.2 with

Hext =0. Corrected and smoothed.
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maéneﬁ@zeq domains in'GdAf o These two lines give a hyperfine
field of about (47;2 2 0.5) kOe (see chapter six), An
additional line at about 52.2 Mz (2 47.1 kOe) with a half
width of eb@ut 3.4 MHz and about10i7 times as high as the lower
‘line was observed.  The AL resonances in Gdlex T, Afz are

. .shown in fig. 5.5, and the corresponding spectra for GdlaxLaerZ
are givep in figo 5060'_ In fige 5.7 the AL resonance in
Gdi;¥ D&; A£2 is presenteda In the case of Gdy Y Aez and
Gdy_« Léx Alz the higher A2 resonance is smeared out, whereas
the lower resonance lines obviously remain essentially unshifted
and are Supplemented by new resonances primarily at the low
frequency side. At least two structure bumps can be seen at
about 42-43 Mﬂ? and 45.5- hé;S MHz for small dilutions. This
structure is more pronounced for the compounds with Yttrium.
~This may be due to the greater similarily:between Gd and Y

than between Gd and La.

It is clear from these results that the maximum of the Al
'resenance spectrum is not displaced iinearly with x for low
dilution in either the Y compounds or the La compounds.
Nevertheless? the“centre of gravity does follow a linear law
i;e; \chr = (lmx)’U‘Hhr(Aez) within the experimental accuracy
for the examples tested,

With small substitutions of dysprosium to the basic GdA.f2
ceﬁpound; the echo amplitude was observed to dedrease very
repidly and become unobservable for more than 7% Dy concent-
ration, The AL resonance at 49.5 MHz'ieﬁobeefvable for all
eoncentrations;ﬁp_to 7%~Dy whereas the 61,5 Miz resonanée has

almost vanished at 5% Dyo An additional 1ine is observed at
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56.5 MHz as shown in fig. 5.7

50302 ACOZ

Fofzthq line shape mgasurementé in these compounds we have
used thé nge technique, with a pylse geparation of about 10mS. -
No'qdadrupolerscillatipn was foupd:in these compounds,

- Ve havevopserved the signal from the Co nuclei in GdCo,
as shown in fig. (5.8). The centre of the resonance is at
about 61.3 Miz corresponding to the hyperfine field of 60.8 kOe,
This result agreed with Taylor et al. (see chapter two). The
result for HoCo, is shown in figure (5.9). In this case the
spectrum shows4two pggks{ one at 51 MZ , and the other at
63.0 MHz, This spectrum is similar to that found in GdA{,
and can beAunderstood in term of two inequivalent cobalt sites
in the gnit_qell; In TbCop and NdCoy aléog the centre of the
resonance line is at 6205 MHz, however the line intensities
were too small to allow detailed observation. Other ACop
samples have been examined but no echoes have been found,

Measurements were also made on GdCo2 as a function of
temperature. The behaviour of the hyperfine field at the
59C6'nﬁcleus as a function of temperature is shown in figo (5.10).
OvefEthis temperature range the echo amplitude varies in an
unexbected manner,_decreasing rapidly from its value at 4.2 K
befo?e passing through a broad minimum at 40 K and a locaI;quSG)
maximum éﬁ 79 K, Beyond this the amplitude falls monotonically.

This' variation of echo amplitude is shown in figure (5.11),

56363 Gd(C°1,,x A(’.x)2 ¢ ompounds

In this compound for x = O we can see the resonance of
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Table 5.4

Relaxation time T2 and Tl

~ Compound TX  Freq. MHz T, ms3ec. I, xseco

GAAl, 4,2 49,5 245040 2100¢100

61.3 520140 2100:100

GdO°9YO°1A12 4.2 49,5 . 420140 1800leO
61,3 300:40

_GdOOSYOOQAIZ 4,2 49,5 . 400140 16002100
150240

GdO°7YO°3A12 4,2 4965 400240 15007100

GdCo, 4.2 61.5 140120 1800100

77 61.5 28 140f 20
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Co in GdCo, and for x = 1 the resonance of A{ in GdA,,
For Gd(COOeg A£001)29 Gd(Cooog AZO°2)2 and GD(GOO’7 A0003)2
the resonance is very broad with peaks centred at (42 = 43 MHz),

(4905 - 59;5 Miz), (55.5 = 5605 Miz) and 61 Miz as shown in
fig. (5Xa). For Gd(CoO ¢ Aeo 20 Gd(Cog ¢ Ay 5)2

Gd (Cog, L Afo 6) and Gd(CoO 3 Aﬁo 7)2,, we observed only one
1ine the centre of which is at 38 MHz fig.({(5.12b). Some

structure was observable in this line in the Gd(Cog, 5 Afo 5)
specimen but dlsappeared with Al additien. For Gd(Cog, QAZO g)2
and Gq(cooolAeOOQ)g the Spectrum~is similar to Gdl;xYxA(Z where

the structure at about (L2 =43 MHz) and (45.5 = L6.5 MHz) are

observable in addition to another resonance at 56 MHz.

{fig; (5.12¢),

5.3.4  GdFeo

An .attempt has been made to observe the Gd resonance in
 previous compounds but without success. For GdA(Q the freq-
uencies of'the_Gd resonahces have been found to be at 22 and
28 MHz (ref. 1.89) which is out of the range of our system.
For GdFes we havelobser#ed the Gd resonance at 56.5 MHz

(figo 5.13)0 This frequency represents the 15564 hyperfine
field of L70.8 MHz, The other resonance for the other 157Gd

isotope has not been seen,

5.4, Relaxation Meassurements

! :
The measurement of the spin-spin relaxation time, Ty,

was done for some of the compounds as given in table (5.4)e
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The height of the spin echo signal ﬁaé méasured by varying
the time interval between the two pulses necessary to produce
the echo, and the logarithm of the décay‘of the echo height
was plotted against twice this time interval. It was found
that the spin-spin relaxation follows a simple exponential
function and T2 is determined as the decay time of this expon=-
en§131 function, exp (=2 T /Ta) (see chapter'B; eqn. 3.18).
Figure (5.14) shows the logarithm of the echo amplitude versus
2 T which is a straight line, and the slope of this line
- gives_the spin-spin relaxation time Ty

o Fof Gd002; the variation of T, with temperature is shown
in fig. {5{15); As can be seen, the form of this dspendence
is very similsr to that of the echo amplitude fig. (5.11).

The spin-lattice relaxation time Ty was measured by the

stimulated echo method (see chapter 3, section 3¢3.2);the
separation between the first and seéond pulses was kept
constant, while the delay of third pulse was varied. ‘Figo
(5.16) shows the logarithmic decay curves of the stimulaﬁed
echo amplitudes for the two resonance of 2Tl in ferromag-
netic GdAfs compounds plotted against the time interval bet-
ween the first and third pulses at 4.2 K. |

 The decay curves shown in figo (5.16) are not simply
exponential as predicted from the equation |

V(SE) = Vo (SE)e=T/T1

s0 it is difficult to determine the spin-lattice relaxation

time. The longest time-constant of such a graph is taken

to be Tlo
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505 . E.S-R. results

Electron spin resonance measurements have been'performed
to determine the line width and g-shift for Gdy_. Y, A(z
using the system;which is described in chapter 4, The
magnetic field was calibrated with é DeP;P?Ha sampleo A
typical spectrum for”GdAez is shown in figo (5.17). In these
compounds the_powgr absorbed from‘an rf field is, to first
order, proportional to a linear combination of the real and
imaginary components of the susceptibility, i.e. b.XJ+9("o
Bbth components'involve line shape functions, which in this
case are Lorentzian (see chapter 39 eqllo 3.28).

The derivative response is readily found to be of the form

4P - x b=2x=bx ] + m(H“Ho) (5.1)
dx (1 +x2)2

where x = (HmHo)/{3H9 Ho is the resonant field, A H is the
half-power, half-line width. The m(H-Hy) term is included
“to‘allow for any drift in the receiver during the resonance
Jscans
A Anélysis_of the E.S.R. data makes use of a computer
fifting_program (Durham»NUMAC Computer Library programme

TPT9 é‘Lib) to plot directly onto the experimertal data.

It proved possible to adjust the parametérs K, 8H, b, H, and

m to fit to the experimental curves. The results are shown

in figs. (5,185 5.19)o In fig. (5.18) we present the temp-
erature dependence of the line width in the paramagnetic region
for different concentrations whereas in fig. (5.19) we present
the temperature dependence of the line width as wéll as the

g values for Gdo09 ¥091 Afé in the paramsgnetic and in the

ferromagnetic state,
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CHAPTER 6

DISCUSSION OF RESULTS

Qn th¢~b§sism9f>pbg infqrmgtiqn given in chapters 1, 2 and 3,

~we shall discuss in detail the results given in chapter 5.

6.1 Gdy_y Yy Al, and Gd,_ La_ A{, Compounds.

~ 6.1,1 The Lottice Psrameter and the Curie Temperature.

The variation of the lattice parameter in these compounds,
givén}in‘tab;es (5.1, 5.2), folléws Vegards law approximately,
showing a dependence of the lattice parameter on the concentra-
~tion. This variation suggests that there is substitutional
,reﬁlacement of Gd by T or La in these compounds.
The Cﬁ;ie temperaﬁufe as a function of composition is shown

‘;;n fig;.(5;l)o It is seen in this figure that the decrease of
the Curie temperature proceeds linearly with concentration x.
This variation is in excellent agreement with the value obtained
by Busechow et al. (ref. 2.21), their results having been shown
.in figa (2;2), chapter two. The dependence of Curie temperature
'on thé’Y orAta concentraﬁion can be understood in terms of the
RKKY thepfy (chapﬁer two) in which the Curie tempersture is simply
| proportional to the average interaction of one rare earth ion with
éll other rére ; earth ions and is given by

Op = ;21‘7’_2_‘:.2_ (g;1)2 J(J+1)ZF(2Kf Rpm) (601)

LEKg Ep J

where the ZF(x_) is defined in equation 2.2. The Fermi momentum

is denoted by Ky and the summation is performed over all rare -
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- earth atgmsun around_a reference rare earth atom m. Ep is the
Fermi energy. For the simplest Fermi surface model (the free

electron gas) this energy is given by.

2 .
Bp = 12 K, (6.2)
2m -

and the free-electron value of K¢ is given by the expression
Kf’Aa‘(37TZN)1/3 where N is the number of conduction electron
- bér unit volume Z/V; For Gdﬁez; N ié“oﬁtained-under the assump-
Ation tbét each rare earth and”éach Al atom contributes three
electrons to the conducpion band and‘ﬁsing phg lattice constant
a = 7.900 P then K;?: l;gj x 108 cm”1; By assuming the wave
:.veétér'KfAis given by Ké?x K}; the qummatién F(2Kfan) was
"éombute§Aas a function of K£ (fig. 6;1)'téking into account all
réfeﬁegrth atoms with;n a radius of 75 £. From the definition
of kf gn@ tﬁe shellvraéjus_an; Ke & % and Rﬁm* ao The lattice
parameter a does not affect, the'ilF(ZKfan), since Ry occurs
oﬁly‘in the product Kf X Rype  From the relation (6.1), it can
be seen that the sign of © is independent of the sign of I, but
de_pend_s. on the sign of iF(ZKfan)_o A positive value of ©
indicates that this summation must be negative in these compounds.
However, ‘since ZF(QKf-R) must be negative to give a positive 6,
it is obvious that the value of Kf must lie between the points M
snd N in fig. (601); | \

A numerical estimetion of K¢ and 7 in GdAfz has been found
by several authors using different techniques, by solving the
equaﬁibns}which are related to the techniques that have been used
Af(chapter 2; section 2.2).

Returning to the dilution experiment in the Gdl%xYerz and
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Gdy_yLaxAly, the addition of Y and La decreases the mumber of Gd
atoms ~and hence the results could adequately be described by
 raplacing the function I:F(2Kfan) in equation (6 1) by (l-x)
‘I:F(ZKfan)g In other words, the Curie temperature decreases
from ﬁhe value observed for x = Oé down to zero for x =“an°
Experimentally this is the case for Gdl;xLaxA‘eg and is a good
approximation also for Gdi;xYerzo

6¢1.2 N.M.R. Line Shapes

In ehapperione we have discussed the magnetic hyperfine
-field in general and have defined the hyperfine field due to the
conduction electron polarization given by equation (2,11) accord-
ing to the RKKY theory., . In this section, we will discuss the
hyperfine field at the 27A( nucleus in Gdl;xYfog and Gdlmeaerg
for x = 0.;; 0.2, 0;3; Osks  The experimental results for these
- compounds are showﬁ in figs. (505, 5. é) chapter 5. A simple
physical model can account _phenomenologically for the proflles in
these figureso In this model the effective field at the alumin-

fum nucleus can be represented by the equation.
Hopp = th + Hy + Hppo | | (6.3)

" The first term th arises from the contact interaction between

| ‘the s-f exchange-polarlzed conductlon electrons and the 27A(

nu01eu55  This equation has been given in chapter one to be

Hyp = 214 AL0) (s}rz_(szRm) (604)
LEp 81 Mg 81)*1

The second term in equation (6.3) is the dipolar field and may

be given by
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K r? r? | (6+5)

K,

ﬁhere rKAis.the‘distance vector from the siﬁé'considered to
-thé Kth Gd site; Mg is the magnetic moment associated with the
Kth'latﬁice site,

_vThé'third term in equation (6.3) represents the correction
term for nonsphericsl domains. We shall assume spherical domains
in order to mske this term zero.

AIh chapter two we have discussed the easy direction of magnet-
iiatioh-ih the cubic Laves phase compounds AA(2 and AFe, and also
we havelseen that in AAeQ the easy direction can be determined
direCtly from the experimental spin echo work by considering the
number of lines in the spectrum and the intensity ratio of these
lines. . _

- In fact in the cubic LavesAphase (figo 106),‘when the magnet-

.izatioﬁ‘M is pointing in an erbitrary direction, each of the four
Al sites in the tetrahgdron, such as sites a, by, Dby, b3 is sub-
jected to a different magnetic dipolar field Hy. Thus, there
ére,-in‘the general case, four magnetically inequivalent A sites.

'QThe'nﬁmberVOf inequivalent sites is reduced when the magnetization '
' M is directed along one of (111), (110), and (100) directions as
' shown in fige (2.3). . |

A(cqmputer program has been written to calculate the dipolar

- magneﬁic field for the cubic Laves phase using equation (6.5)

for the three easy directions knowing the magnetic moment and the
laﬁbice-pérameterb This is demonstrated in toble (6.1) where

Hy is calculated with M = 7/Ag and the lattice parameter a

: 0
(GdAfz) = 7.90 A . This calculation was achieved by extending
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the summation in equation (6'5) over 75 L radius, including
approxlmately 10.6 x 10% rare earth atoms.
Returning to the GdAez experlmental results, ‘the spectrum

¢0n51sts of two pesks at 49.5 and 61l.5 MHz and the ratio of the
intensities of the two peaks is approximately 3:1. From this
result and the above discussion, the easy di:ection of magnetiz-
ationzin‘GdA(ZAis (;11) the low frequency peak being associated
with the (b) sites and the high frequency peak with the (a) site.
These twoblines giveAthe hyperfine field by solving the effective
field -(Heff_ = \)/Y ‘where V) is the frequency and ¥ = 1.1094) and
using Hy values from table (6.1), where Hy = 40129 kOe for the b
atom and 7.074 kOe for the a atom, and using the following rela-
“tion ref. (2.9).

Heff(a) = th(a) + Hd(a) (6068.)

Hzeﬂ, (b) = Hﬁf(b) + sz (b) - RHye(b) Hy(b)

cos (Hyp(b), Hi(b))
o ne’ d (6.6b)

We then find

1+ -

_ th(a) = 47.9 2 0.5

i+ -

Hyp(b) = 47,0 £ 0,5

These results reveal that the hyperfine field at both sites is
essentlally the same and thus the dlfference between the total
effective fields must be caused by the difference in the dipolar
fields. However, a more physical approach.weuld be to solve

- equations (6.6a) and (6.6b) simultaneously for Hq and Hyg.

Such a solution is possible if we assume Hpp(a) = Hyp(b), because

there is a simple relation between the dipole field at (a) and(b),
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1ndependent of the size of M and given by
Hd(a) = J_- Hd(b)

From these assumptions we get

- Bxp.
Hd (a) = 8,02 kOe

Bxp.
Hd x?b) = ho63 kOe
th = 4,7.38 kOe

Thiszvélue of th is the same as the above value within ¥ 2%
The'experimentally_- megsured values of Hd(a)4and Hd(b) are,
hovever, some 13% greater than the calculated values shown in
table (6.1).
| Before_turning to the diluent compounds a final note is
_necessary concerning the line shapevin'GdAezo As seen in
fig. (6.2), ref. (2.10), the 27l 1ineshape depends on sample
grain size. In fig. 6.2c a stronger decrease of signal height
with frequency is observed, probably due to a mean particle
ra@iqé exceeding the skin depth. Relatively long grinding
‘tréa#ments.result in a finer powder (fig. 6.2a) which is found
to céuse.line broadening and incresse the back ground level.
;vFor.thesé specimens the spectrum contains signals other than
'-ithe pure (111) domain resonances. With increasing deformation
:_of the powder particles the 11ne due to the a sites (61.15 MHz)
can be found to shift to frequencies below 60 MHz. Apart from
‘a bsékground intensity of about 10% between the two (111) domain
nuclei resonances, we have observed (with 60mm particles) an
additional line at about 52.2 MHz (z'h7 kOe) with a half width

of about 3.4 MHz and about 0.7 times as intense as the b line




- Table 61

«lll=

Computed values of the dipolar field st A4 sites
in GdA{, (in kOe)

(7,7,5)

Direction site Ha(x) Hd(y) de(z) Hd cos(Hd,th)

(1,1,1)  (5,5,5) -4O08k  -L.O84  -4.084 7,074 1

| (5,7,7) 4.120 0,019 0,019 4129 -1/[3

(7,5,7) 0,019  4.129 0,019  4.129 -1/ [3

(7,7,5) 0.019  0.019  4.129  4.129 -1/ [3

(110)  (5,5,5) -2.506 -2.506 5,004 6,132 1/ [3
(5,7,7) 2.535 2,515 0,030 3,571 -1
(7,5,7) 2.515  2.535 0,030 3,571 -1

o {7,7,5) -2.499  -2.499  5.0L0  6.156 1/ [3
©(100)  (5,5,5) -0.000 -3.538 -3.538 5.004 0
| (5,7,7) 0.019  3.567  3.567 5.0k 0
 {7,5,7) -0.009  3.567 -3.517 5.009 0
0,009  -3.517  3.567 5,009 0
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(fig. 6.2b). The line position corresponds to the resonance
field of domain nuclei witb no dipolar shift énd could be due

to 27a{ nuclei in (100) domsins for which the dipoler field

(£ 5.0 kOe, table (6.1)) is perpendicular to the hyperfine field
(2 47.2) kOe) and therefore induces only a very small difference
_bepwegn the'absolute values of Hepp and Hpypo  As we have seen
in chapter two the (100) domsins are observed in several of the
 other 'Nﬁfg compounds and may be present in ch€2 as closure
domains or in distorted regions.

| ' From the above discussion the hyperfine field at 27 in
GdAe2 is. 47.2 kOe for the three peaks Wthh may be described by

 rewr1t1ng equation (6.&) as follows:

th(RKKY, x = 0) = Cdsy [F(zxfanm) - -47.2 KOe  (6.7)

‘where C =v9TIZ2r‘ A(O)/ L EFgI;AI

‘Themsummaﬁion in this equation is different ffom thatlin
; equation (6;1)° In this equation Ry represenﬁs the distance
betWéen a rare earth ion and an aluminium site. We have
| caléuiated this summation in a similar way to the other summation
8s s function of the wave vector Ky as shown in fig. (6.1).
.v | The - average hyperfine field for the magnetically diluted
.'samples (x#. 0) will then be given by
Hpp (RKKY, x4 0) = (l-x) C ) F(2KgRp,) S (6.8)
provided that Z, Ep, and A(0) do not depend on x. This is
_true within the free électron model as Gd, Lo, Y and AL all
suéply,three conduction electrons but it is at best a crude
approximation in the real system.
" In order to obtain expressions for the concentration

“dependence of the hyperfine fields, we must take account of the
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different configurations arising from the variety of possible
‘occupations of the Gd neighbour shells and the corresponding

statistical weights. The numbers of Gd sites in the neasrest

Gd shells sround the Al atoms in GdAeg are
- 1 ’ 1
Z1=6 R1=-8»-f-ﬁ.a, Zz=8 R2=§’27a

Z3 = 6 R3=%ﬁ,._3_a Zh=18Rhs.g.J—5_9aooosee
"appendix 1.

‘Siﬁce_a gadglinigmﬂatom situsted in a shell outside the third
'hearesp.neighbour shell contributes less than 1% to the sum in
-equgtion (6.7’; we took as a first approximétioﬁo

 Hye (BKKY, x, ny, np, n3) = C<Spy(ny F(2KGR)) + n,F(2KeRy)

ny F(2KeRy) + (1-x) ] Ny F(2KgRy)) (6.9)
| £ R
L {25
x ‘The>relative amplitude of each configuration was assumed
'to'be”given by the binomial distribution, because of the random-
ness of the impurities; that is:

P{x,n) = (rbf) xR (l-'-}t)N“n H (g) = H'E-'—(%;—n—)-;

is the probability‘for an A{ stom to be surroﬁnded by n Gd
‘”neighbours, x is the concentratién, N is the total number of Gd
sites in the shells being considered (N=20 for three shells) and
(g) is the binomial coeffieient. If there are N atomic sites
availasble in i shell (i = 1,2,3, ,n); and if there are n atoms
(ns.N)-ﬁo-occupy them, then the probability that the ith shell

contains ni atoms is:
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PEng) = (D) C2) eeveenaa (N8 ()

Where N = Zl + Z2 + Z3 * oo0sse0eot Zi

andn=n1+n2+n3+ 0606ceesot ni

The required probsbility of having nj, ny, n3 Gd atoms in
three shells for an impurity concentration is

6 8‘ 6\ o (DY wr .
Rz, my, mp 3= (G) Q) () % G X m) (6:10)

where n
. 1

= 041.929'390006g n2 = 0919293;0008 8nd n3 = 0919293900060
N , .

The consequences of the RKKY interactions and the corres-

']p%nding'pyqbabilities (The probsbility represents the centre of

. the sbsorption line for each contribution) equations (6.9, 6.10)
"‘éré shOWn'séhematically for x = 0.1 in fig; (603)0 It can be
”.Seen4from‘thisjfigure that the principal resonance is due to an

aluminium nucleus surrounded by 20 gadolinium atoms.  Substite

S ution of 1 stom of Y or La into the first shell moves this

. rgsonancé about'évMHz lower»in frequencys . Subsequent substit-
ﬁtions intO‘thié shell will move the resonance to.lower frequen-
‘cies in increments of about 6 MHz, ~ Substituting ¥ or Ls into
lthe secoﬁd shell moves the resonance 2gain to lower frequencies,
but_thié time in increments.of about 2025'MH5/Etoma When
substitution occurs into the third shell, the resonant frequency
is increased by increments of about 0.5 MHq/étomo This change
in'sign of the fregquency shift éag be understood by refefring
to the polarization oscillation shown in fig. (6.4). The radii
of the first two shells have negative vaiues'afF(Zkf Rom)

while the third shell radius has a positive valueo It is worth
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nothipg_pbet @@é amplitude of each of the resonances in fig.6.3
‘isidirectly proportional to the probability of occupation of a
}'.given shell. Hence, the emplitﬁdes produced by the configur-
;aﬁiens_(S;‘Q, 6), and (6, 8, 5) are identical; however, although
.'LSequeﬁtial7subs£itution into the first and into the third shell
produceleimilar diminutions in amplitude, the effective amplitude
decay w;th frequency is much greater in the case of the third
-eheil’than»in the case of the first shell. This is a direct
uresult ef the frequency increment for the first shell being

-6 MHz, wheress that for the third shell is + 0.5 Miz,

a. Calculations neglecting second-order dipolar contribution.

in order to cslculate the NMR-line profile, dipolar
”contribﬁtions and line-widths have also to'ee considered.
Exact calculation of the dipolar contributions for the diluted
. samples is eomplicated by tﬁo problems. First there is a
1co§putational difficulty since it is not now possible to collect
' .the:éd atq@s in shells of equal M distsnce because their cont-
‘ribution: to the total field differs in value and/or direction
 fr6m one atom to another. Thefefore each Gd position must be
trested independently, increasing the computational time
ke;g.'for'i = 0.1 and téking.into account the minimal probability
'ofgvelue 2% of the maximum value, 9933 instead of 120 configura=-
tions hé&é been tsken into aecount)o The‘second.proﬁlem is
.‘phisical.and more severe, since the mixturejof (111) domain
:lines andeethey lines in pure GdAfZ_depends on ssmple preparation,
" it is not certain that the ratio of (111) - to "(100)" - and
aﬁether.iine is constent for Y or La dilution, even if all

the samples had been subjected to the same treatment. Also
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,liﬁ diluted samples it is not known whether the (111) ;domains
‘are preferred as ‘they sare in GdA(

|  From the above dlfficultles, these second-order dipolar
_'contributlons were neglected from the profile calculations of
figs. (6.5, 6. 6) The calculations were performed by consider-
ing tbe experimentally-obeerved three-line spectrum for pure

QdACz. The centre of gravity of the two lines a and D (111)

" -and the 52,2 Miz line (100) sre both found to occur at the same

hyperfine_field position. We now assumed the following for the

.calculation. )
.:1).: The 52.2 MHz line can be calculated from equation (6.9)

‘a8 shown in fige (6.3,

"' 2) From experiment we know that the separation of the a-line

 frem_the-eentre of gravity is 2 9 MHz and that the separation
- of ;hesb-line from the C of G is - 2.7 MHzo> Using the data
ZiIIUSprated in fig?_6°3; we shall assume in all cases that the

a-line for a particuler configuration is 9 MHz above the freq-

: ijuency shown in the figure for that conflguration. 'Similarly

-the b- 1ine will be assumed to be 2.7 MHz below the frequency
 in the figure.

3) The line shape for each line was assumed to be Gauséian°
_'The experlmental line widths have been used which are 2.2 MHz

" for a and b and 3ol MHz for the 52.2 MHz line,

L} The amplitudes of the three lines are given by the product
. of the experimentallyadetermined intensity ratio and the-
probability. |

15)" It was assumed that the EOntributions of the different
'_ehellslare additive and independent of their relative positions.

Fig. (6.5) shows the model calculation line profiles for
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x = 0.1 for different values of Ko By compsrison with the
'-experimental_result; a Kf/K;)- value near to 0.940 appears to

~'glve satisfactory line fitting.

Fig. (636) shows the series x = 0.0 to 0.40 for Kf/Kg; 0,945,

Thé calculated_and measured spectra aéree reasonably well,

‘

‘In.order to e stablish whether instead of the oscillatory

RKKY“functi9n, the observed line profiles can be equally well

-desc;ibed_by a different R - dependence of the conduction electron

  pb1arization which is uniform in space, we attempted to fit the
'Iiﬁe profiles with a simple, non-oscillatory R-dependence under
‘  the:éaﬁe:conditi9ns ~and assumptioﬁso We.replaced F(2Kfan) of
 ﬂe§uation}(6o9) srbitrarily by the functions ct'/R%, C'/R3, or
“C'/RA but did not consider higher powers of l/R because this

' J'WQuld imply that the exchange interaction . in Gdl;x-Yx AIZ and

>iGd1Qfox 502 is essentislly a short range interaction in contra-
-1ﬁictio§ Kreff 6.1) to the observed linear decrease of the Curie
-Jtemperétﬁre with increasing x up to x = 0.98 (ref. 6.2). As

an example, the results for x = 0.l are shown in fig. (6.7)

for the R~% and R™3 and it is clearly seen that a slowly dec

. -reasing nonoscillstory function cannot explain the observed

: structure.’ In contrast to the experimental observations it
'*ié seen that in this case the maximum amplitude position is
ghifted tb lower frequency. The R=4 dependence also does not
give a good fit because the L4L6.5 MHz line is missinge. However,
the overall agreement is better in the case of R4, From
fhese calculations, it tan be conclﬁded that an oscillatory
conduction electron polarization is necessary to account for

- the line-shape in GdAez.
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.

b;‘ Calculation including the second-order dipolsr contributions

- To examine the velidity of the assumption made in the
>Aprevious section, we calculated some llneushapes allowing for
the second order dipolar field contributions. S0 as to limit
,'computatlonal time to a reasonable value, only the concentrations

:v § §>0fO5 snd 0.10 were investigated. The 27A€ line-shape is

"fQ,gdﬁSidefeq to be composed of (111) and (100) domsin signals

.n aithough the (100) signals may be taken as representative of
~all the liﬁes which are centred around the pure hyperfine field
:pOSition., In this case we will assume that the (100) line can
be célculated from the equation (6.9) whereas the (111) lines
~arise from equstion (éoé)c In this case we have to consider
“the dipolarvfield for each stom, for each configuration, for
. exaﬁple in the csse of 19 stoms we have the following configur-

ations

'i§ 5 8 5 {1,1,1,1, 1,0)
R (1,1,1,1,0,1)
(1,1,1,0,1,1)
(1,1,0,1,1,1)
(1,0,1,1,1,1)
_ (0,1,1,1,1,1)
%ahd'phe same thing for (6, 7, 6) and (5, 8, 6). For the

(6.11)

'Configﬁrétiéns (6.11), the hyperfine field calculated for the
. (100) domains is the same, but the fields from the a and b
._SiteSVaré different, because the dipolar field for each case

'  is differento However, because the Gd sites in the third

" 'she11 are symmetrlcally disposed the dipolar contrlbutlons

from diametrically-opposite sites are equal. This reduces
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the effective number of cslculations by half.
The probsbility equation (6.10) in this case is:

' T : Z Z Z Z N
P(XgnlgnZOoonlO) = (ni) (hg)ooo(nz) (nig) (n) P‘(Xgn)

The other assumptions in the last section have been used
in this celculation. The result is shown in fig. (6.8), and
is reasonably §imil?r to the previous calculatioho

‘The results from the above model can be summarized as
follows. N
1. The observed line-shapes can not be fitted with a
nonoscillating polar@zatioﬁ-functi§n asvshdwn'in fig. (607).
2. Using the RKKY polarization function with large values
of Kf/K;’ (eg. 00985) there sre too many lines as shown in
rig. (6.5) while for small K..f_/K%o (ego& 0.905) there are not
enough lines predicted for dlluﬁgd GdAf, in the frequency range
of interest. Only for an intermediate,Kt/Kg value (egs 09945)
is the number of lines given corfectly with reasonable fitting
between the messured and cslculated line prof£%g§ for the
different concentrations as shown in fig. (6aés;ﬂ.
50 The positions of the two observed lines at about 42.5 MHz
and 46.5 MHz can not be described exactly by the RKKY polariz-
ation funcpion; for Kf/K? = 0,945, they are calculated to occur
at about 43.8 and 4L7.6 MHz. Even allowing for a concentration
dependence of ﬁ?e relative weights of the (111) and (100)
signals and a deviation of Kr/Kg,from 0,946, it was not possible
to fit both pesks.
| These two peaks correspond essentially to Al stoms for

which one nearest (42.5 Miz) and'one next nearest (46.5 Miz)

Gd neighbour is replaced by nonmegnetic Y or La, In the
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Kg¢ range of interest both of these neighbours give a negative
RKKY contribution to the hyperfine field, whereas the third
nesrest neighbours contribute positively see fig. (6.4) (which
is important in order to prohibit the shift of 49.5 Miz line).
Investigation of the K¢ dependence of these contributions, and
the lineshape; showed that an exact fit of the peak position can
only be given if there is a considerable positive (ferromagnetic)
direct contribution superposed on the negative RKKY contribution
of the nearest neighbours or if the polarization decresses less
strongly with distence than in the RKKY model (with J(q) =V =
constaqt}wchgpter one)? Since a positive diréﬁt contribution is
- not likely (ref, é;é) for the large Gd-A( distance_(39276°A), the
second possibility seems more realistic. As we have seen in
chepter one, Yosida (ref. 6.4) calculated the spin polarization
introducing a cut off q = 2Kp to the product J(é) £(q) such
that J(q) f(d) = 2J (0) for g 2K, and J(q)’f.(q) = 0 for g)) 2K,
(figs 1s8). In this case, the usual RKKY function F(2KpRyp)
should be replaced by 2K.R,, F(ZKfan)o Using this function,
with the same assumptions as were ﬁaed for the calculation of
fig. (6.6); the results are shown in fig. (6.9a), which shows
too meny lines in disagreement with the experimental results.
Buechow et'a;. (refo 605) ¢iscusaed Yosidas assumption and took
into consideration the effect of the mean free path of the cond-
uction electrons by using the Yosida functioh multiplied by
e“’Rh_m/’,‘_M(‘X is the mean free path). We have calculated the line
shape for several values qf'% and at different values of Ke as |
shown in figs (6.10). Notice that the amplitude of the oscill-
ation decresses as @heAmean4fr§é peth decreases. In this case

and fof a given Kg the influence of the mean free path on the line
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shape is similsr to the effect of the K, by using the ordinary
RKKY functiom. For a particulsr line shape the value of the
mean free path 7$ increoses as the wave vector Kf decreases. As
can be seen from the figso (6 9a and 6 10) these modifications !
have not altered the positions of the component lines as predicﬁed
from the ususl RKKY function. Only the intensities of the comp-
onent lines haye changed..  Finally fiéo 6.9b shows the calculated
ling_shape in which we considered the nonspheriéal Fermi surface
where theyF(2K£Bﬁﬁ) falls off as r~1 (see chapter 1). In other
words we replsced the usual RKKY function F(2Kfan) by (2Kfan)2
F(2Kfan)o In this case the two peaks at 42.5 MHz and L4L6.5 Miz
agreed well with the experimental results but the amplitude fitt-
ing is obviously poorer. | | |

The above attempts have been mode to modify the RKKY function
to get a betterﬁfip_to the experimental reaultso This modifica-
tion is performed by changing the position of the components of
each configuration Which make up the hyperfine field spectrum.

From the Nbssbauer effect studles of the hyperfine field at
57Fe Co alloys, Wertheim et al. (refso 6 6 6 7) analysed the
results in terms of the occupancy of the coordinstion shells
sround an iron satom. The relative amplitude of the spectrum

was assumed to be given by the following binomial distribution.

P'(xd ,nls ng)
1+ (B -dn =§;2')2

incorporating a least-squares fit with Ez,o( and (3 as the free
parameters. WP(X§"n1g N,) defined as the equatien (6.10), E is
relsted to the line width, & , @ messure the difference in the

absorption due to a nn and nnn impurity.




Fig. 6-1l. Calculated and experimental Al line profiles for different X, atter
using the value of4,p,vand E. ey
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Follgwipg the apove aseumptipng we have divided the probab-
ility equstion (8010) by (1 + (E -4 hl ;b'nz - nj)z) to accommo-
date three shells, and we have used the fitting program to get
the values of E;4 , 3 ,~ by comperison with the experimental
result. We found the“valugs of E; o » [3 end ¥ as 5;39 0.6,
0.2 and 0,05 which give a better fit than the previous calculation
és‘shown in fig. (éoll)g~ In fact the effect of Eyo 5 B ~and ¥
is to change the value of the probability (which represents the
line smplitude) from its original value as shown in figs. (6.3,

6012)0

601c3 EoS.R. of{-del-gx,Xerz .

The electrgn,spiﬁﬂrgsonance of Gd in Gd xix5£2 was measured

iﬁ the concentration range for x = 0,1 to x‘i-lg' For all concent-
rations the g—valué was found to be 1;985 ¥ 0,005 independent of
temperature and thiq_is in fair agreement with the value obtained
py Peter et al. (;?fo 3026)“0f 1,982 for GdA(z snd with Hacker et
als (ref. 3.59) who quoted a room temperature g-value of 1,98
snd with recent work by Taylor (ref. 6.8) of 1.989 Z 0,005,
The line width 8H, i.e, the half power-half width of the
- absorption part of the resonance line, is given in fig. (5.18).
There one sees that D H increases linéarly with temperature, and
the increase of the line width with tempersture d(BH)/dT is
small for higher Gd concentration as shown in fig. (6.13). For
GdAeg the line width has a slope of 2,52 be/Ké This is in good
sgreement with the velue obtained by Taylor (ref. 6.8) of 2.1 Oe/Ks
The decrease of the slope d(AH)dT with increasing Gd concen-

tration and the constancy of the g-value for all concentrations
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indicates that the relaxation is bottlenecked (chapter 3,
section 3.403). In this case the line width and g-shift may

be given by Hasegawas equations (3.47) which asre:

x | .
OH . % 1e | (6.125)
L
b & (‘1=x )" be, (6012b)
where X = _%ef (6.13a)

(aei

g; a —2dB
29¢Eno (6013b)

%e—i - (%} N (EF) J2S(S + 1) concs (6.13¢c)

3 te = (%) N (Ep)? J° KT (6.13d)
T co : d_(co ed ) :
CQ e‘e = gee + m (60139)

An attempt has been made to evaluate B H from equstion (6.123)
by using a computer fitting pi'ogramo By substitutingsei,sie
and % ed (Sei and G je 2re the relaxation times from the cond=
uction electrons to the local ions and vice versa and§ ed 18

the relaxation time from electron to the lattice) into equation

(6.12a) and assuming J, Cooeland 2(_5_3.0_)_. as free parameters
d{conc.)-
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and using N(Ep) to be 0,91 eV (ref. 3.66), the agreement between
the theoretical and experimental curves is good as shown in

fig. (6.13). From this fitting we obtained the following values.
J = + 0,001 eV
% . w 2,83 x 109 T sec""‘1
je ©

3,79 x 104 x conc. sec“=1

o
-
"

1

0
‘eg = 803 x 1010 sec”
el _ |
Se ~ )
éi_;ig_l_ 509 x 10% sec ;/COnCo
d(conc.)

This solution has not solved the following experimental
results, |
1, The residual line width for each concentration.
2o The behavieur of;the line width below the Curie temperatﬁreo

~ For the first problem, AH in the paramagnetic region

decreases linearly with temperature for all compounds. However,
the extrapolated plot of line width versus temperature to OK is
not zero but has values which are both positive and negative
-depending'On*ﬁhé'cohpeunds studied. A non zero intercept has
also been noted by several authors (ref. 3.48, 3.66).  This
probiem~has_been solved by considering the effect of the relax-
ation path Sé ¢ from the local moments té the lattice which

represents the residual line width. In this case the line

X This value of J is obtained by assuming the exchange
Hamiitonian is defined by -J 85 (J = v )




Fig. 6,14, The temperature dependence of the line width

for GdAl, (ref. 6.3 )

AH | B LB 1 [ T T ¥

2500

2000

1500

1000- -

. B
500}- | W
| _ : VI

Noae

& ! i § 1
40 80 i20 160 200 260 280 320
TK




~128-
width, equation 6.12a, becomes:

AH = 1__:&;_ A HK +A Hx‘es A (601’4-)

In our results £>}{ has values within the range -300 210 to

res

100 :410 CHE
The solution to the second problem is still obscure.

In f__ac_:t it was found tl}at the line width A H became narrower

as the temperature was“feduced consistent with a linear temper-

aturé dependencg due to spin lattice relaxation. Eventually

a2 minimum in the_lipe width occured followed by a rapid broaden=-

ing of the line belew this pointa This broadening may be

attributed to ferromagnetic ordering and therefore it would seem

justifiable to refer to the minimum of the A H sgainst témper-

ature graph as a measure of the Curie temperature. This is

shown in fig. (6.14) for GdAl, (ref. 6.8) and 1in fig. (5.19)
for Gdg oY 1A£

Now the line width may be represented by the following

empirical equation

AHaa(TaTc)+b (6.15)
where Tg is Curie temperature and a is the slope d(DH)/4T and
b is the residusl line width for T = Too b has a value of 100 X
10 Oe for all the concentrations. By fitting this equation to
the experimentai result we found that the value of the Curie
temperature is the same as the result obtained from A:C. suscept=-
ibility measurements. (section 6.1s1).

The g-shift is negative as compared with the g value
characteristic of the Gd ion (g = 1.992). Use of a free
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electrgnﬂpigtg;g gives EF = 5.1 eV for GdAfz, assuming three
conduction electrons per lattice site, and leads, using the
messured g-shift and equation é.lﬁb to a value J = -0,032 ¥ 0,02
eVo  This velue is smaller than the values sbove which was
obtained frqm the line width calculation (eqn; 6.12a).  The
negative sign can be attributed to the effect of the interband
mixing as explained in chapters 1 and 2.

‘i,final_Point_yhich“needs mentioning is the discrepancy
bepweeh our value for J and those extracted from Knight shift
measurements for GdA(z; ~ The latter requires J = 0.91 eV which
is to be cohpargd‘withhthat which we have obtained i.e. 0,091 eV.
This_discrgpancy is huge, and may be due to the effect of neglect-
ing the interglectrgn cprrelétion which enhanées the Pauli spin
susceﬁtib;}ity or due to the premises used in the traditional

RKKY theory.
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602 NoMoRo of GdDYA£2

~ The substitution of Dy for Gd results in the rapid
disappesrance of the 27A( resonance line, the resonance being
only observable to approximately 7% Dy substitution. The
very short relaxation times msy ha&e led'to’this disappearance.
Recently; thé‘reaonapce of 27Ae in Donz was found to be 29.8 MHz
(ref. 2;9)A§nd the easy direction of magnetization is (100),
Since ﬁe know that tpe easy direction of pure GdA?z is (111)
then the peak which appesars at 5605 MHz may be due to the change
of the essy direction from (100) to (111)s A third possibility
is that the resonance frequency in GdAlg moves outside the work-
ing range of the spectrometer as the Dy concentration is increas-

edo

603 N.M.R.of ACo, (A is a rare earth)

The'magnetic properties of these compounds have been discussed
by seversl authors as we have seen in chapter 2. In this section
we will discuss the hyperfine field at the 5900 nucleus in some
of these éompoundso The eiperimental spectra of GdCoy, HoCo,,
‘TbCos and NdCo, are shown in figs. (508, 5.9)s These measure-
ments show that the resonance frequency of the cobalt nucleus
remains essentially the same at about 6105 kOeo

The hyperfine field of metallic Co has been reported to be
21605 kOe (ref. 6;9) and - 215_k0e-(refo 6.10)s This field
was originally assumed to be positive, i.e. parallel to the
ionic megnetizstion, however, subsequent work by Hanna et al.
(ref. 6.11) on the sign of the field at the 57Fe nucleus in

iron metal showed that in this case the sign was negative and
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these authors suggested that the same would apply to cobalt metal,

The NMR of 5990 in hcp cobalt has been observed as a function
of temperature frém 5;2 K to 730 K by Kawakami et al. (ref.6.12),
They found that the hyperfine field at 0K is - 223 kOe which is
larger_byg~»8AkOe than in the fce phase, The difference between
the two hyperfine fields comes from the anisotfopy in the orbital
field.and”part}g from that in the dipoler fields The negative
sign is knoﬁn.pg be due to the Fermi contact field due to the
inner core elgctroa;,‘ph;s field is pegatiﬁe and dominant.

Returning to the rare earth - Cop; the iéfge decrease of
the hyperfine field of the 5%Co nucleus from the value in pure
mgtalg !217 gOe)uto_thelvalue in AC02‘(60‘k00) may be ascribed
to two genefal sourcesm(réff.6613) namely:
lo  The field due to the cobalt ifoms which includes a contri-
Sutiqp from'tpgw;pps'fowg" moment and a contribution from the.
ﬁeighbouring cobalt iéns,"

2. The field dqe to“tpe conducﬁion electron polarization"by
the neighbouring rare esrth ions. | .

From the first term; the décrease of the cobalt moment from
lszyb.in pgrg'qobglt to abput»l;O/+B4in A002 should consequegtly
regult;&n_a decresse in the magnitude of the hyperfipe fie%%ﬁ
from 217 kOe to 135 kOe. This term mﬁylbe given by. o

A7 x e (6016)
1.7

HCo

From the second term, the observed field‘of 60 kOe results
then from an opposing contribution from the conduction electron
polarization by the rare earth sublsttice, this term is given

by equation (6.4) to be




10°x3 F(2K,R)

S

Fig. 6415 Dependence of function ZA
1 :
and Z-Co on Kf .
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Hee = C A(0)VL S ) TF(x)

_ The'summation I:F(x) for_ACoz compounds was computed as

) funct.ionm of Kf Fig., (69-15_) as for GdAfzo K: was taken to

be K;L 1.461 x ;08 em~L by assuming that the number of the cond-
uctibn electrons per unit volume for the rare earth and the
cobalt contribute three and one electrons respectively to the
conduction bgnd; o .

The GdCo, and HoCop spectra show two peaks. FordeCoz
one peak is at 60 MHz_and_the other at 61.5 MHz and for H0002
one is at 51 MHz afnd the other at 63 MHz. The intemsity ratio
for_the‘two~peaks are 1:3. This line shape represents the
rg#ongnces caused by the hyperfine field at the two inequivalent
Co siteé; (a) and (b) and is similer to the line shape observed
in GdFe, and GdAl,. From this result the easy direction of
magnetization in HoCop and GdCoé.is (111) the low frequency peak
being associated with the {a) site and the high frequemcy peak
with (b) sites. This behaviour is-similar to the GdFe2
(ref. 6.14) but opposite to that of Gdffz? where the low frequency
peak ariges from the (b) sites énd the high frequeﬁcy peak ;rom
the (a) site,

The only contribution which can produce systematic differn
ence?_betwegn inequivalent 1attice sites is the dipolar field.
Assuming that the raré earth and Co moments are localized; the
dipolar field can be obtained in terms of lattice sums for each
site;, performed over the A and the Co atoms. We have calculated
the dipolar field for the two cases by using equation (6.5) in
a similsr way to the calculation of the GdAlé dipolar field,

The magnetic moments of the tripositive lanthanides were taken
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as equal to g; J;‘and the Co moment as 1.0A%. The lattice
parameter for Gd9°2 is 70242 2 whereas for HoCop is_7013h go
The results are given in table (6.2). The total dipolar field
can be given by, |

Co;Co¥ Co=A

- H

H, =« H 4
d d d (6017)

and the total hyperfine field can be given by.

Hhe = Hogpe * HCoalico (6.18)

Frdm.phe equation, gincg the Co and rare esrth (Gd, Ho) moments
are Qoupled antiparallel tﬁe two dipoles will be antiparallel
and will be in the direction of magnetization. In GdAflp Hy
represents the magnetic field induced at the Al site by the
localized magnetic moments“residing at éhe rare earth sites, and
we found this field to be antiparallel to the magnetization.

This case should be the same for Hdc°°Ao We can write equation

as

- H Co=Co - H Co - A ' | (6.19)

Hy = Hy d

‘Since Hdco""A is a dominant term then Hj becomes negative;
i.es 1in the opposite direction to the magnetization. Because
of the negative g-shift in GdCo, (ref. 3.62) the conduction
electron polarization is negative (equation 6.4). Therefore
the sign of the hyperfine field due to the Gd contribution
should be negative while the distribution due to the cobalt

moment should be positives The equation may be written asgp(6!)

th -3 =Hce-=!“e + HCO - Ajbo ] (6920)

Returning to the two Co sites a and b, by analogy with

the calculation for GdAQz we can write the two effective !ieiﬁs
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Table 6.2 Computed values. of the dipolar field at Co sites
in GdCo, and HoCo, (in kOe).

L4

Direction site Hd(x). Hd(y) Hd(z) Hy =

(111) (555,5) 1,635  1.635  1.635 2.832  Co - Co
‘ =5,30L, =5030L =5.30L 9.186 Co = Gd
(5,757) -1.631 0,003 0,003 1631  Co - Co

5,357 0,025 0,025 5.357 Co - Gd

HOCOZ

(111)  (5,5,5) 1:593 1.693 1,693 2,932  Co - Co
|  =7.849  -7.8.8 ~7.848 13.59%  Co - Ho
(557,7) —1;689 0,003 0,003 1.689 Co = Co

| 7920  0.038 0,038 7,920  Co - Ho
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as;

eff (a) = H he (a) " Hd (a)

Hope (b)2 - Hyp (0)? +.Hd2 (b) - 2Hy (bi He (b) (6.21a)

cos (Hy (b) Hh£(é))/)//_\\\\\ (6021b)

By golving.these pwo‘equations‘simultanéously for Hd and Hy ¢
by assuming Hye (a) = Hye (b), and Hy (a) = JE_Hd(b), we
found for HoCo, thats:

BXD(b) u - 5.28 kOe
ngP(a) = - 9515 kOe

whereas the values calculsted from equation (6.19) and table
(6.2) ares |

Cals
By (b) = - 6.23 KOe

Cal ‘
Hda (a) = = 10,61 kOe

. ‘The hyperfine field associapéd with ngp is found to be 58.6L kOe

Cal

and with_Hd

experimental errors of 263%o The errors between the two dipoles

to be 6000 kOe which are the same within the

are 1h%3 For GdCbg the experimental and cslculated magnetic

dipoles are

HP (b) = - 0,64 kOe

ngP (3) ® = 1,11 kOe
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53l (b) = - 3.73 KOe

Cal
(a) = = 6 2K kOe

As we can see the agreement between the values is Very poore

A possible cause of this is that, unlike the case of HOCOzg

the lines corresponding to the a = and b - sites in GdCbz are
not fully resolved. The situations for TbCo, and for Nd002
cannot at present be fully investigated because their spin e¢ho
signal are very small as shown in fig. (6.9).

» Erom the above discussion, it appears the ACo, compounds
have an essentially constant 5900 hyperfine field. If we
assume that;}n (second term in equation) is constant across
the series9 then HC is apparently constant. Since th is
constant then Hc must also be constant. However, in equation
(6.4) S, is giyehMby (g=1) J and we cen expect H,, to decrease
linesrly for the series; provided A(0),Y and Ky are constant.
Consequently, since Hoe re is known to be constant, one or
more of these terms must change. Unfortunately, no experimental
informstion is available about the values of [",A(0) and Kf and
the reasons for the constant value of H,, must éwait further
experimental investigations.

) The experimental results of ACo, are similar to the results
obtained for the 57Fe hyperfine field in AFe, compounds.s
In these iron compounds, the field at the iron nucleus
has been shown by Wertheim and Wernick (ref. 6.15) to remain
constant at approximately 230 kOe independent of the rare earth
wifﬂ which it is.associated in the compound. These authors

uséd this constant field value to argue that the iron atomic
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configuration; anq_the conduction electron polarization, were
also independent of the rare earth involved in the compound.
However as Piercy and Taylor (refs 6.16) have shown the iron
moment is not the same in a}l of phese compounds but varies
in a range fromAIQS}aB>t942°2}ABo - Consequently, it would
appear!tﬁat in these compounds, the various contributions to
the hyperfiné field adjust aé the rare earth sublattice is
changed, so as to leave the maénitude of the field almost
constant. 4

This can occur either by the contributions from the moment
of the iron lons just c§h¢e111ng the rare earth moment or,
alternatively; the change in the rare earth contribution is

compensated by the change in the iron ion contribution.

6s3.1 The temperature dependent hyperfine fields in GdCop

The temperature dependence of the hyperfine field in rare
earth intgrmetallic DyFe, has been studied by Bowden et al.
(ref, 8619) usiﬁg Mossbauer techniques.  The 59¢o hyperfine
field with temperature has been studied using n.m.r. and the
results are shown in fig. (6 16) (ref. 6.12), whereas the
varistion of the Gd hyperfine field with temperature is shown
in fig. (6.17) (ref. 6017)0 In our messurement we have studied
the hyperfine field of °%Co in GdCo, as shown in fig. (5.10).
Taylor;et al. (ref. 6018)'ﬁave studied the magnetic properties
of GdCoQ; and the magnetization-temperature curve for this
compound is shown in figo (6.18),

In interpreting the shape of the magnetization data and
of the hyperfine field data, it is desirable to have a model

for the phenomenon of spontsneous magnetization. We have
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chosen to discuss our results in terms of the molecular field
modelé In applying the results of this model to.the hyperfine
fields we moke the assumption that the hyperfine field is
proportional to the bolk sample magﬁetizationo That is, we
asoume'th(T)/th(Q) - ﬂ(f)/M(O). For a spin J associated
with Gd, and a Cufie‘temperature TC’ the molecular field model

yields,

Hee(T) - M(T) 5 | 30 1 M(T)]
H'h'f(O) M) °lgae1 T M(0)

The Brillouin function of argument x for spin J is Bj(x).
We have computed this function for J'= 7/2 and the results are
shown in fig. ‘6019)0 From fig. (6 18) the hyperfine field at
5900 in GdCo2 can be seen to docrease with temperature in nearly
the same manner as does the magnetizationo

In the last three figures, a slight dip can be seen in
the experimental curves at around T/Tc = 0.5 to 0.6 with the
notable exception of Co metal. Thus, although the dip is
seen in the hyperfine field of the 9¢0 nucleus in GdCop, and
in the magnetization of the compound itself, it is reasonable
to assume that this arises from the Gd nucleus”and not from
the Co nucleuss Referring to equation (6.20) and to figo (6.15)
it can be seen that, because the experiméntal results show hhf
to have a dip in its temperature variation, and because the

temperature varistion of HCo Vt has no such dip, the dip itself
o

must come from the - H,o ..o term,
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6°h N-.M-Ro of Gd(Col_xﬁex)z

The pseudobinaries = Gd(Co, Ae)z present a more difficult
problem of interpretation of the observed resonance spectra
than the other materials discussed previously and as yet they
are not understood;“ As we have seen, the series divides into
three-compositidn ranges witn structural changes from MgCu, (C15)
to MgZn, (Cli) to MgCu, in going from GdCo, to GdA@Zo ~ In both
the}ClS{regions the resonance spectrum is very complex, and
consists of many overlapping components giving a totallline with
of more than 30 Miz.

In both the terminal cubic compounds GdCo2 and GdAQz the
hyperfine field at the Co or A( site has been shown to be in
the (111) direction and there seems to be no reason to assume
w‘ohat this io not also the case in ﬁhe_bls pseudobinary composi-
Yufionsé In tne‘frequency range in which we have observed the

resonances (j? - 70 MHz ) for these métorials we can anticipate
thst both 590 and 27AL will be detectable, The gadolinium
resonance is known to be out of this range in GdAlz but Budnick
(1970) ref. (6 20) has suggested that in GdCop one of the
gadolinium isotope resonances may coincide with the 5900 resoh-
ance at 61 MHZo This of course could account for the unusual
temperature dependence of the 59Co resonance with tempersature
in GdCozo Consequently over the pseuoobinary range we may
éxpect to observe resonances from all three constituent elements.
Since tho gadolinium signals are alﬁays very much weaker than
the aluminium and cobalt signals however, it seems safe to

assume that the gadolinium nuclei do not contribute directly

to the observed signalse
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TbeAmggnetic s@udies show that wiph increasing aluminium
substitution in GdCo,, the moment associsted with the cobalt
ions decreases répidly; becoming zero at about 25% A€ .,  Since
a large contribution to the 59Co‘field'strength in Gd002 arises
from the cobglt sublattice this may be expected to decrease with
the cobalt moment. ‘ Using_the same value of the 59Co hyperfine
field// Co moment ratio, the cobalt contribution will vary as
shown in fig. (6;19)0 The gaﬁolinium contribution to tﬁe
590 field is opposed to the cobalt contribution as we have
seen, consequently it can be anticipated that the total 59Co
field w;}l raL} to zero at some composition. The Af concent-
ration at which this occurs however, will depend upon the detail-
ed behaviour of the gadolinium contribution with increasing
aluminium content. Since aluminium substitﬁtion leads to an
increase in the valence electron'concentration; the Eorrespond»
ing change in the Fermi vector,will be reflected directlﬁ into ‘
a field contribution to the total field through equation (6.4).-
Wallace and Craig (1967) (refo 6.21) have shown that the electron
concentration'ingreéses from aboutilgo in GdCoé to 3,0 in GdAezg
henge.from the value of Kf = 1053 i1 for GdAgé, we can obtain
a value }n GdCo2 of Kf" 1oh1MA“1§v Fig. (6.20) shows the
Rudermsn-Kittel sum for both these compounds, using the approp-
fiate 1at£ice parameters; and it_is evident that in going f?om
GdCéz to GdAﬂérthe sum, and hencé the gadolinium field Qonifi-
butioﬁ must pass‘through a maximum. Since the hagn;tudes of
the perameters in gQuationv(é;h)'are largely unknown in the
péeudobinary region‘thqimagnitude of the increase can not be
established with cerpaid#y}and only a crude estimate is given

in figs (6.19). TFrom this figure then it is evident that
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the 5900 field shpuld become zero in the composition range near
to lj%uAe o Thignsbould then result in the cobalt resonance
beinngu# of the renge of investigation for all but the 30% Al
concentration in the cobalt rich Cl5 compositions. On this
basis the observed spectra for x = 0.1 and 0.2 must arise from
"~ the 27A£ nuclei and since the gadolinium céﬁtribution to the
tgtal field atuthe Ae'aite increases only slightly over this
range; ﬁhe detailed changes in the spectrum shape must occur
throughyﬁhe effects of changing the cobalt neighbour distribu-
‘tion about the sluminium lons.  This would then suggest that
the signgl ma#ima at 42 and 50 MHz shquld be tréatéd as satell-
ites of the main line at 6lb5 MHz arising from n, nn and nnn
neighbourncoppributions to the field anis usual in the analyéis
of nmr dsta of cobalt alloys (ref¢”6.225; A considerable
contribution to the overall broadenihé—g} the spectrum can be
. expected to arise from the changing cobalt dipole contribution
to the total field caused by the a;uminium substitution.
Unfortunately, within this framework the x = 0.3 specimen
should represent only the‘gaddlinium contribution to the h&per-
fine field since hereﬁkco = 0, This is clearly not thelcase
when viewed in the simplest way, aé there is still a greét deal
of structure remaining in the observed spectrum, althougﬁ there
is some evidence of the resonances at 50 MHz and 61 MHz observed
in pure QdAléo The cause of the structure is a source of
considerable donjecture in this sample;_and it is likely that
more basic megnetic data is required before any further éonc-
lusions can be made about its origin. |

In the C15 pqquddbinaries at the aluminium-rich @nd of

the series; the limited magnetic measurements indicate a
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moleculsr moment in excess of the gadolinium ionic gJ valueo
This may be due to a positive conduction electron polarization
contribution to the total moment or alternatively to a finite
cobalt moment aligned psrallel to the gadolinium moments »
This lattér possibility appeafs unlikely however, since it is
generally“acceptéd that the addition of electrons in crossing
the compound series results in the filling of the cobalt 3d
states. This occurs at about 30% ¥4 (1i,e. when ’*Co" 0)o
Consequently we can asaume that only the conduction electron
‘polsrization contribution to the total field is present in
these compounds. In the absence of other effects the 2'§£
field should then bevgonstant and independent of cobalt concen-
tration. This is not the csse however; as is readily obvious
from fig. (5.12) end the origin of-the detailed structure in
the resonanceslfrom these materials must originate from some"
othg§ contribution {compere the x = 0.3 sample). The only
suggestion which one can readily make is that in fact the
cobalt sublattice}magnetizatibn is not zero at all points in
the sample, and consequently gi%es rise to an inhomogeneous
contribution to the aluminium.resonance; Before this can
be fully estsblished, more detailed investigations of the
magnetic propertiés of these pseudobinaries are necessary,
preferably using neutron difraction techniques to establish
the cobalt sublattice magnetization directlys

In the Cl, phase, the spectrum is very mush simpler than
the cases discussed above, its owerall shape being essentially
constanﬁd For ﬁheAx = 0.4 sample the resonance line is

clearly resolvable into two components at 38 and 42 MHz,
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With increasing x (i.e. decreasing cobalt concentrations) the
smaller resonance line at L2 MHz falls relative to the 38 Miz
line, Since in this composition region the total hyperfine
field again arises fromuphe conduction electroﬁ polarization
cauaed by the gadolinium ions; the fields at both nuclei should
be constant and equal, While it is tempting to associate
the high frequency pesk with the cobalt nuclei because of its
behaviour on dilution, the differences in the ¥ values for the
Ae and Co nuclei would result in a difference in the fields

st the two nuclei of about 20%.

6.5 Conclusion

From the measurements °n'Gdl;xYxA£2 and Gdl;iLaerz,
the line profile analysis showg_that the experimentally
observed Al spectra in ¥ﬂof La diluted GdAC2 can be predicted
roughly -by the RKKY theory, if instead of the free electron
value K; the reduced value Kf = 0,945 Kfo = 1.53 i- is
taken. Line structures obviously represent a sensitive means
of testing the choice of the K, value and give the possibility
of evaluay@ngmxi ;ndepgndenp}y of the other parameters enter-
ing the calqulatigg; for exsmple the constant C of equation
(8;7) and the analysis of the magnetic data.

In the present cglculations, in order to get the analyt-
icel éxpreasiops of equations (6.1, 6.4) the q dependence of
the eichange integral J(q) was abandoned. The values of
and Kf therefore represent averages over the q dependence.

The sampling involved in the“Gd neighbour configurations is
certainly different and more anisotrepic¢ than thg sampling

involved for undiluted GdAfz. For these reasons it is. grat-



=14l

- ifying pha;_themvaluglfqr Ke derived above and the value
ob;gineq,with GdAeé'from measurement in the paraﬁagnetic
region are essentiglly the same. This seems to indicate
that in these compounds a spherical approximation for the
Fermi surface is not too bad.

In the line fitting procedure a number of drastic
approxi@ap;qné havgwbeen made and it is at present unclear
which of these is most responsible for the discrepancies
between_the expeqimental and theoretical line shape. It is
difficult to arrive at a clear cut conclusion even in the
case of GdAez since it is necessary to allow for the dipolar
contributiQns to the line shape. Neverpheless the results
do show that the observed 27A1 line profiles of the compounds
studied can be understood in terms of an RKKY like oscilla-
tory conduction electron polarization. |

~In eosgr; measurement, for Gdl-xxxkt2’ the constancy of
. g value (g = 1.985 ¥ 0,005) for all the concentration and
the veriation of d{QAH)/dt with composition indicate that the
relaxation is bottlenecked. The behaviour of the line width
with temperature in the paramagnetic and ferromagnetic regions
mékes it possible to find the Curie temperature,

The hyperfine fields at the °9Co nucleus have been
observed in GdCey, H0Cop, TbCo, and NdCop. The field strength
to be essentially constant at about 60.7 kOe. The two-line
spectrum is attributed to two inequivalent Co sites and can
be interpreted in terms of the different magnetic dipoles at

the two sites. The easy direction of the magnetization is

(111) for H0002 and for GdCo,.
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The hyperfine field is composed of two main ¢ontributions
(1) the field dge to the cobalt which includes a contribution
from‘the ions "own" moment and a coﬁtribution from the neigh
bouring cobalt'ions}
(2)  the field due to the conduction electron polarization %y
the neighbouring rare earth ionss | a
The_firs§ one contr;butes approximately + 135 kOCe while the
second contributes - 70;8 kOe. Since the hyperfine field
rep;égents the total of.these contributions, it can be seen
thet the sign is positive i.e. parallel to the magnetization.

In conclusion for Gd(Co,Ae)z compounds the interpretation is.
Severely limited by the»large number of variables involved in
a complex magnetic system about which there is insufficient
reliable magneticAdata, and as éuggested above any understand-
ing of these spectra must wait for a better understanding of ‘
the magnetostatic properties, in particular the behaviour of

. the cobalt ions in such materialse.
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APPENDIX 1

-MgCu,s Structure

23
Eif—g—‘[Ew

. where Rn is the distance between any two of the atoms in this

structure, n is the number of the shell and a is the lattice

parameter,
, Mg - Cu - Cu = Cu {
no, of no. of Cu in no, of no., or Cu in
the shell each shell = the shell each shell * |
1 12 1] |2 s 8
2 16 27 2 12 24
3 12 43 3 12 32
4 36 59 4 12 40
5 28 75 5 24 56
6 24 91 6 6 64
7 36 107 | 7 18 72?
8 24 123 8 12 '88{
9 36 139 9 2 % |
10 48 155 10 36 104 |
11 60 171 11 24 120%
12 24 187 | 12 12 128§
13 18 203 | 13 24 136
14 48 219 | 14 36 152?
15 24 235 15 24 160
16 84 251 " 16 24 168
17 24 267 | 17 24 184 |
18 36 283 | 18 8 192
19 96 299} | = 19 42 200
I




-6k~

20 72 315
21 36 331
22 60 347
23 52 363
24 36 379
25 96 395
26 72 411
27 24 427
28 60 443
29 86 459
30 60 475
31 108 491
32 52 507 |
33 60 523
34 108 539
35 48 555
36 60 571
37 84 587
38 60 . 603
39 60 619
40 120 635
Mg - Mg
no. of no. of Mg in ‘
the shell ecach shell
1 L 12
- 12 32
3 12 44
4 6 64

20 48 216 |
el 48 . 224
22 12 232
23 48 248 |
24 6 256
25 48 264
- 26 24 280
27 36 288
28 60 296 |
29 24 312
30 24 320
31 24 328
32 60 344
133 24 352
- 34 60 360‘
35 48 376 |
36 24 384£
37 54 392§
38 24 408 |
39 | 72 4l6i
40 36 424
Cu - Ilig
no. of no, of lg in
the shell each shell *
) 1 6 11§
2 8 275
3 6 43"
4 18 .59£
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A study of the lineshape of the NMr spin echo spectra of the
compounds Gd,_. Y, Al, and Gd, _,La Al,
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G Brown§ and M A A Issa§

7 Experimental Physik II,Technische Hochschule, Darmstadt, Germany
1 Phillips Research Laboratories, Emdhoven, Holland
3 Physics Department, University of Durham, Durham, UK

MS received 8 June 1972

Abstract. NMR spin echo spectra of Gd,_,Y,Al, and Gd,_,La,Al, (0 < x < 0-30) were
studied in the ferromagnetically ordered state at 4-2 K. The Al resonance line profiles were
analysed under the assumption of various models for the spatial extent of the conduction
electron polarization and general confirmation of a RKKY like oscillatory polarization was
found. Slowly decreasing nonoscillatory polarization functions are shown to be unable to
explain the observed spectra. The line shape is shown to depend rather critically on the value
of the Fermi wavevector kg. The polarization seems to decrease less strongly with distance
than might be expected from the RKKY function.

1. Introduction

In ‘several recent investigations the Ruderman—Kittel-Kasuya—Yosida theory (Ruder-
man and Kittel 1954, Kasuya 1956 and Yosida 1957) has been used to discuss and/or
describe the results of the measurements of bulk magnetic properties (Buschow et al
1967, Leon et al 1971, Swift and Wallace 1971) Knight shift (Jaccarino 1961) and hyper-
fine field (Dintelmann and Buschow 1971) of the compound GdAl, and the correspond-
ing pseudobinary compound Gd, . ,RE Al, (RE = La, Y, Th). To compare experiments
with theory, the following expressions have been used (Yosida 1957, de Gennes 1962):

0,=—3 (fzg 2) (g — V2IJ + 1) Y F(2keR,,) (1)

Jei= — 6221 T FQkeR,) ' (2)

Hy = + 3 (Z) A(O’r<sz> L FokRu) )
. EF n¥m

F(x) = (x cos x — sin x)/x*.

‘The_quantity T has the form of an effective exchange integral between the rare earth
spin § and the conduction electron spin s and is defined by the Hamiltonian
- o# = —T5.S. Z represents the average number of conduction electrons. In equation (1)
the summation is over all the Gd sites of the lattice with a Gd site at the origin. In equation

vy
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(2) the summation is also over all Gd sites with an Al atom at the origin but in equation
(3) the choice of the origin depends on whether the hyperfine field refers to Gd or Al
nuclei. The experimental parameters 6, # and H, represent respectively the asymp-
“totic Curie temperature (obtained from the temperature dependence of.the magnetic
susceptibility), the s-f coupling constant (obtained from the slope of the Al Knight shift
against susceptibility), and the hyperfine field (obtained from spin echo measurements
in ferromagnetically ordered Gd, _ ,RE,Al,). In Buschow et al (1967) the experimental
values for 6, and #; have been used to solve equatlon (1) and (2) for kr and I" with the
result I' = — 091 eV, kp = 0:94k2 = 1-53 A~ The 6% deviation of kg from the free
electron value k% = (3n% Z/V)'/® = 163 A~! was shown to be in close agreement with
the rapid decrease of §, in the series Gd1 .Th,Al,. Two miore values for ke have been
proposed: from the results of bulk magnetic measurements on GdAl, _,Ni, compounds
and by application of equation (1) Leon et al (1971) conclude that kg = 0-86 k=14
A~! for GdAl, whereas Swift and Wallace (1971) from a similar investigation of the
compounds Gd, _,Eu,Al, arrive at the value kp = 0:95kg = 1-54 A~'. Dintelmann
et al (1971) used equation (3) to compare the neighbour contribution to the Gd and Al
hyperfine fields in ferromagnetically ordered Gd, _ Y Al, with the predictions of the
. RKKY approach (Yosida 1957) and find at least a qualitative agreement with experi-
. mental data using the values for I" and kg reported by Buschow et al (1967). In all these
cases, in order to obtain agreement with experiment the value of the Fermi wavevector
ke was allowed to depart slightly from the free electron value k2. This means that the
assumption made in the RKKY approach of free s like conduction electrons is abandoned.
As a first approximation for the solution of the real g dependent averaging problems

T4l /(@) (g) exp (ig.R,,) in equation (1) and X, ,A(q) J(¢)f(g) exp (ig.R,,) in
equations (2) and (3), the same values of I, the usual RKKY function and one equally
reduced parameter kg is used in equation (1) as in equations (2) and (3). The validity of
this procedure is not at all selfevident (Oppelt et al 1972) but it is of common use and
easiest to perform. Further, it seems to be more reliable, if the deviation of kr from
k2 is kept small.

All the investigations cited above consider only summations in the RKKY expres-
sions (equations (1)~3)) in which the R dependence remains fixed by the crystal structure
requirements and in which only k. was allowed to vary. So the bulk magnetic properties
reported by Buschow et al (1967) for the compounds Gd, _ ,RE,Al, could adequately
be described by replacing the function ZX,.,F(2kgR,,) in. equation (1) by
(1 — x) £,.,F(2kgR,.). In the present investigation an attempt will be made to obtain a
more direct test of the R dependence of the oscillatory RKKY function by considering the
statistically weighted contributions of the different configurations due to the various
possible Gd neighbour shell occupations in the magnetically dilute compounds. By
means of a line shape analysis of the NMR spectra obtained. for the compounds
Gd,_,La,Al, and Gd, _,Y,Al, for small values of x we hope to demonstrate whether
a spatially nonuniform conduction electron polarization such as implied in the deriva-
tion of equations (1)~(3) is essential or not. It will furthermore be shown that the line
shape depends rather critically on the value of the kr parameter and its value can be
determined rather accurately independent of the previous results.

2. ExperimentalAproce'dure

The samples used were prep'a.red from 99997, pure aluminium and 99-99, pure rare
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earths by arc melting. Most ingots were annealed for about 45 h at 900°C, some La diluted
samples for a week at 850°C; quenching or longer annealing periods did not change
the NMR spectra significantly. The homogeneity of the pulverized samples (about
60 um in diameter) was checked by x ray analysis. Spin echo spectra of Gd,_ Y Al,
and Gd, _ La Al, (with x = 0,0-05 up to 0-30) were taken in Darmstadt with the aid
of a Bruker B-KR 322s spectrometer utilizing phase sensitive detection and a boxcar
integratort.. The of field strength of two pulses of 1" ps duration, separated by 30 ps,
with 100 ps repetition rate, was adjusted to maximum echo height.

Maximum height was chosen as the optimum echo criterion rather than constant
echo shape (as specified by Dean and Urwin (1970) for domain wall resonances) as we
believe the present measurements are associated with the bulk material and are not
resonances in domain walls. This conclusion is supported by our own observations
and those of Kaplan (1971).in which the modulation of the echo height by the quadru-
polar and dipolar fields are clearly visible.

All measurements were performed at 42 K in zero external field; (prior to the measure-
ments, the samples were magnetized after cooling down to 42K in fields up to 11 kG
perpendicular to the rf field). The variation of the spectrometer sensitivity was con-
‘trolled with the help-of a Rohde and Schwarz Polyskop. By comparison with proton
FID, the phase sensitive detected signals had to be divided, in the range of interest
of this investigation, by about the third power of the frequency, in order to obtain the
resonance field distribution. The spectra shown in this paper (figures 1-4) are corrected
in this way and smoothed twice according to '

E'(v) = 3 E0) + z{(E(v) — 02) + (E(v) + 0-2)} 4)

where 02 MHz is the distance between the measuring points.

3. Experimental results

3.1. Gd resonances

Before the observed gadolinium spectra are markedly broadened or superposed by the
much stronger Al*? resonance in Gd,_,Y,Al, a shift of the Gd'5% and Gd!>” reson-
ances to lower frequencies is observed (Dintelmann and Buschow 1971, Dintelmann
et al 1970). Corresponding shifts could not be detected in Gd,__ La,Al,. In this case,
the Gd resonances are broadened before any definite shift could be discerned (at
x = 0: halfwidth ~ 1 — 14 MHz: whereas at x = 0-10: halfwidth ~ 2-2-4 MHz).
This is probably due to the fact that lanthanum distorts the GdAl, lattice more
severely than yttrium (lattice constants: a(YAl,) = 7858 A, a(GdAl,) = 7-900 A,
a(LaAl,) = 8147 A).

3.2. Al resonances in GdAl,

For x = 0, that is pure GdAl,, the Al*” resonances (figure 1) are found to be essentially
in agreement with those reported by Shamir et al (1971). The two lines at about 49-45
MHz and 61-15 MHz in figure 1(b) (halfwidths ~2-2 MHz), with an intensity ratio of
about 3:1, have been explained as being due to Al?? nuclei at the b(x 3) and a( x 1) sites

T Measurements were also carried out simultaneously in Durham using a conventional spin-echo system.
The two sets of results were essentially identical and only the Darmstadt data is given in the following.
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Figure 1. Al?7 resonance in GdAl, at 42K with H,, =0 for different grain sizes. The
spectra are corrected for sensitivity variation of the spectrometer and smoothed twice;
(@) < 50pm, (b) ~ 60pm, (c)90-120 pm.

respectively in (111) magnetized domains of GdAl,. The differences in these resonance
fields have been ascribed to different dipolar contributions in the expression H,., =
Hg, + Hyc. From the two lines we derive, with y = 11094 MHz kG™! that |Hyd =
(472 + 0-8) kG (the sign of the field was shown to be negative by Shamir et al (1971) and
the dipolar field values Hy; (a/b) = 8:0/4-6 kG correspond, to within 15% with.the point
dipole sum taken in a sphere of 20 A radius (assuming 70 uy per Gd ion in the (111)
direction). Due to the quadrupolar interactions which are small compared with the
linewidth' for the directions of H,., echo oscillations are observed for the a and b line
(Shamir et al 1971). '

As can be seen by a comparison of the spectra given as examples in figures 1(a)-1(c),
the details of the A1?” lineshape depend on sample preparation and grain size. In figure
1(c) a stronger decrease of signal height with frequency is observed, probably due to a
mean particle radius exceeding the skin depth. Relatively long grinding treatments result
in a finer powder (figure 1(a)) which is found to cause line broadening and increase the
background. For these specimens the spectrum contains signals other than the pure
(111) domain resonances. With increasing deformation of the powder particles the line
due to the a sites (61-15 MHz) can be found to shift to frequencies below 60 MHz. Apart
from a background intensity of about 10% between the two (111) domain nuclei reson-
ances, we observe with our 60 um sample (figure 1(b)) an additional line at about 52
MHz (2470 kG) with a halfwidth of about 3-4 MHz and about 0-75 times as intense as
the b line. A study of the magnetic field dependence of the signal intensity proved that
this line is also caused by nuclei in domains. The line position corresponds to the
resonance field of domain nuclei without any essential dipolar shift and could be due to
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AI*" nuclei in (100) domains for which the dipolar field (~49 kG, calculated within
20 A radius) is perpendicular to the hyperfine field and therefore induces only a small
difference between the absolute values of H,,, and Hy. The (100) domains are observed
in several of the other REAIl, compounds and may be present in GdAl, as closure
domains or in distorted regions. No separate Al*? resonances due to nuclei in domain
walls could be discerned in the spectrum of figure 1(b) in contrast to earlier inter-
pretations. The absence of Al*7 wall lines can be explained by a smearing out of the
corresponding resonance line as a result of the anisotropic dipolar contribution to the
resonance field. The centre of gravity of the Al?? resonance spectrum of GdAl, (figure
1(b)) lies at about 52-7 MHz, that is 47-5kG. This is close to the pure hyperfine field
position,

3.3. Al resonances in yttrium and lanthanum diluted GdAl,

Since the samples with a particle size of about 60 um gave the ‘purest’ Al spectrum in the
previous section (figure 1(b)), the dilution ekperiments were performed with samples
prepared in a similar way. The upper part of the Al resonances in Gd, _,Y Al, is shown
in figure 2; the corresponding spectra for Gd, _,La Al, are given in figure 3. Figure 4
shows the spectrum for a Gd,.,sLa,.,sAl, sample over a wider frequency range. The
accuracy in this case is reduced due to the fact that additional probe coils were neces-
sary to span the wider frequency range.

1-07

GdAl,
.
N ] 5 Gdoan‘;;;lz
"o e h &y sla,s A,

Relative echo height
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}

1
£
13
@
2
R

- Gdor5Lg 5 Al
1-07....
,,,,,,,, 6y 7ol .50 Al
oL, . o
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Figure 2. Upper frequency range of the Al?” resonance in Gd, _Y,Al,; measured at 42K
with H.,,, = 0; corrected and smoothed as in figure 1.
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Figure 3. Upper frequency range of the Al*” resonance in Gd, -, La,Al,; measured at 42K
. with H,, = 0; corrected and smoothed as in figure 1.

In the diluted samples the higher Al resonance is smeared out, whereas the lower
resonance lines obviously remain essentially unshifted and are supplemented by new
resonances primarily at the low frequency side. Some structure can be seen, at least
two_bumps at about 41-42 MHz and 45-46 MHz for small dilutions x. This structure is
more pronounced for the compounds with yttrium. This again may be due to the greater
similarity between Gd and Y than Gd and La. It is clear from these results that the
maximum of the Al resonance spectrum is not displaced linearly with x for low dilution
in either Gd,_,Y,Al, or Gd,_,La,Al,. Nevertheless, the eentre of gravity follows a
linear law that is v, = (I — x)yH,(GdAl,) within the experimental accuracy tor the

examples tested.
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Figure 4. The A1?" resonance in Gd,.75Lao.25Al, (after 10 days annealing at 850°C) measured
at 42 K with H_, = 0, corrected and smoothed as in figure 1. ’ .
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4. Line profile analysis

Dintelmann and Buschow (1971) showed that because of the negligible contributions of
the conduction electrons to the magnetic moment in the ordered state of GdAl,, the
RKKY theory could qualitatively describe the spin echo results obtained for the ferro-
magnetic state of this systemf. In the following the value of C = 97ZT A(0)/4E gy,
appearing in equation (3) will be chosen so as to match the observed hyperfine field
at the Al nuclei in GdAl,:

Hy(RKKY,x = 0) = C Y F(2kgR,,){S;>m = — 472kG. 4)

m¥n

The average hyperfine field for the magnetically diluted samples (x # 0) will then be
given by

Hy(RKKY,x 3 0) = (1 — x) C ) F(2kpR,) <S:Dm ©)
m#n

provided that (kga), Z, Eg, T and A4(0) do not depend on x. This is true within the free
electron model as Gd, La, Y and Al all supply three conduction electrons but it is at best
a crude approximation in the real system. The breakdown of the frée electron model is
shown for example by the difference of the Pauli susceptibilities: xp(LaAly) = 3-16 x
107° and x,(YAI, = 4-83 x 107, Nevertheless, the almost linear dependence of the
asymptotic Curie temperatures 6, on dilution by La or Y observed over the whole range
0 < x < 1 by Buschow et al (1967) indicates that the approximation of a constant value
for C and (kga) which will be assumed for the smaller range x = 0-0-30 is not too un-
realistic. '

In order to obtain expressions for the concentration x dependence of the hyperfine
fields, we took account of the different configurations arising from the variety of possible
occupations of the Gd neighbour shells and the corresponding statistical weights. The
numbers of Gd sites in the nearest Gd shells around the Al atoms in GdAl, are:

Ny=6 R, =gJ/lla N,=38 R, =4%/27a
N3y=6 Ry=4/43a N,=18 Ry =4/59a....
Since a gadolinium atom sitiated in a shell outside the third nearest neighbour shell

contributes less than 19 to the sum in equation (4) in the ke range of interest we took as
a first approximation '

Hy(RKKY, X, ny, 1, 13) =C(S, 51, F2kR,) + n,F(2kpRy) + nyF(2:R,)

+(1 - X)IZ N F(2kcR) . (6)
. >4 .
<25

with the statistical weights

W(x) ny, nZan3) = W(X, nl)W(X, "2)W(x> n3) (7)
where
N1 .
= WNimnd1
w(x, n) = N = m)in X (1 — x)™

T. In Dintelmann and Buschow (1971) a value for Hy(Al, RKKY) of —27 kG was calculated, compared with
the observed value of —47-2 kG.
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" Here n,, N, are the numbers of actual and maximal rare earth sites occupied by Gd atoms
within the ith shell. All configurations were considered for which W(x, n, n,, n;) was
at least of the order of 2% compared with W(x, n, n, n3)y,,, for example, 164 configura-
tions for x = 0-30.

4.1. Calculations neglecting dipolar contributions

In order to calculate the NMR line profiles dipolar contributions and linewidths have also

to be considered. Exact calculation of the dipolar contributions for the diluted samples

is complicated by two problems. First there is a computational difficulty since it is not

now -possible to collect the RKKY. equivalent Gd atoms in shells of equal Al distance
“because their -dipolar- contribution -to' the total field differs.in value and/or direction
" ffom. one-atom 'to another. Therefore each Gd position must be treated independently,

increasing the computational time (eg: for. x = 0-05, 2150 instead-of 15 configurations-

have 1o be taken into account-for the (111) lines). The second problem is physical and
" more severe; since the mixture of (111) domain lines and other lines in pure GdAl,
depends on sample preparation, it is not certain that the ratio of (111) to (100) and
other lines is constant for Y or La dilution even if all the samples had been subjected to
the same treatment. Also, in diluted samples it is not known whether the (111) domains
are preferred as they are in GdAl,.

In the Al27 spectrum of pure GdAl, shown in figure 1(b) in spite of dipolar contri-
butions, the centre of gravity and the 52 MHz line ((100) line) are both found to occur
at about the bare hyperfine field position: The centres of gravity of the calculated (111),
(100) or (110) domain line splittings (intensities 3:1, 1, 2:2 respectively) also lie within
0-3 MHz of the hyperfine field frequency. Since all the average values of dipolar splitting
can be supposed to decrease with decreasing sample magnetization (and therefore with
increasing x), the dipolar contributions were neglected for the “profile calculations of
figures 5-7.

For the calculation of figure 5 we have used the experimentally observed (figure 1(b))
three line spectrum along with the corresponding x dependent weighting factor to

K 1%°=0860
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= /_M
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= T T T T M A
§|.% A 0-940
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25 R 40 (3
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0-900

Figure 5. Calculated Al line profiles for x = 0-15 and different values of kgfkg.
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represent only those lines corresponding to H,; (RKKY, x, 6, 8, 6) in equation (6). For
all the other lines we took the same form function, namely approximately the a and b
line profile of pure GdAl,, with 2-2 MHz halfwidth and zero intensity for Av > 2 MHz.
These lines are centred around the undisturbed hyperfine field positions determined by
the various values that can be estimated from the quantity Hy; (RKKY, x, n,, n,, ns)
occurring in equation (6) and have the corresponding x dependent weighting factors.
The 109, background intensity is neglected. Figure 5 shows the model calculation line
profiles for x = 0-15 and different values of kg. It can be seen that the lineshape is quite
sensitive to k. By comparison with figure 2, a kr/kP value near to 0-940 appears to give

satisfactory line fitting. ‘ : '

(MHz)

Figure 6. Calculated and experimental Al line profiles for different concentrations x. Full
curve, calculated with line area normalized to the experimental value; dotted curve, observed
line for Gd, _,Y,Al,; broken curve for Gdg.ssLag.,5Al,.

Figure 6 shows the series x = 00 to-0-30 for the value kp/k2 = 0-945. In this case the
experimentally observed background intensity for the x = 0 sample between 43 and
62 MHz (with maximum value of about 10%) is taken into account disregarding the
x value. Also a broader line form is assumed, corresponding to the shape of the GdAl,-
52 MHz line which has a halfwidth of 3-4 MHz and zero intensity for Av > 4 MHz.
The calculated and measured spectra agree reasonably well under this assumption.
For differences in kr/k{ of more than +0-015, the agreement is obviously poorer.
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_ In order to establish whether, instead of the oscillatory RKKY function (equation (3))
the observed line ‘profiles can be equally well described by a different R dependence of
the conduction electron polarization which i$ uniform in space we attempted to fit the
line profiles with simple, nonoscillatory R dependences under the same conditions and
assumptions as for figure 5. We replaced F(2kpR) of equation (3) arbitrarily by the
functions ¢’/R?, ¢'/R? or ¢//R* but did not consider higher powers of 1/R because this
would imply that the exchange interaction in Gd,_.Y,Al, and Gd,_,La,Al, is

."‘W_"'A'- - A./R
o | /\\ | WR®
: I VVI/R‘ R
| N M .

25 4 55
. (MHz) - v

—r

Relative height
S

(=)

Figure 7. The calculated line proﬁlts with R=2, R~ and R™* dcpenaenw of the conduction
electron polarization for x = 0-15.

essentially a short range interaction in contradiction (Morgan and Rushbrooke 1961)
to the observed linear decrease of the Curie temperature with.increasing x up to x = 0-98
(Maple 1969). As an example, the results for x = 0-15 are shown in figure 7 for the R™?
function and it is clearly seen that a slowly decreasing nonoscillatory function cannot
explain the observed structure: In contrast to the experimental observations it is seen
that-in this case the maximum is shifted linearly with (1 — x) and neither the width (even
allowing for an additional dipolar contribution of the order of the GdAl, values, that is
about 3 MHz at the low and 9 MHz at the high frequency side) nor the shape is repre-
sented in a-proper way. The R~? and R™* dependences also do not give a fit with the
observed line shape under the assumptions made in the calculation. Nevertheless, by
“using these more rapidly decreasing functions it is possible to obtain better agreement
with the width (in the case of R™*) or some qualitative peculiarities of the shape (in the
case of R™3) of the observed spectrum; at least in the special case of x = 0-15. However,
for all these nonoscillating functions, the frequency of the maximum is essentially
shifted linearly with (1 — x) in contrast to the experimental result for small x. Since the
dipolar contributions which has so far been neglected, will not induce a shift of the
maximal peak to frequencies higher than the hyperfine field frequency it can be concluded
_ from these calculations that an oscillatory conduction electron polarization is necessary
to account for the line shape in GdAl,. '

4.2. Calculations including the djpéla? contributions

So as to examine the validity of the assumption made in §4.1 above we calculated some
lineshapes allowing for the dipolar field contributions. So as‘to limit computational
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time to a reasonable value, only the concentrations x = 0, 0-05 and 0-10 were investi-
gated. The Al lineshape is considered to be composed of (111) and (100) domain signals
although the (100) signals may be taken as representative of all the lines which are
centred around the pure hyperfine field position and for which the dipolar contribution
only leads to a broadening comparable with the (100) case.

The component lines are centred around the different values which can be taken from

H. = |th(RKKY, X, iy, Ny, n3) + Hdip(x; ISETERPE STIRE FTUTITS STNNY FOPNN "3;.3) t]

where Hy(RKKY, x, ny, n,, ny) is calculated using equation (6), the direction being
opposite to that of.the magnetization in the domains considered. For H,;, all the values
of the sum over. the anisotropic dipole—dipole interaction are used which arise from. the
possible distributions of the'n,, n, and n; Gd moments (pointing either along the (111).
or the (100) direction) over the different sites in the first, second and third neighbour shell.

- The moments which are farther away give a contribution of less than 0-4 kG:to-the-dipole
sum and consequently are taken into account as an average only. This treatment then
gives.

: Hdip(x;rll:"',rlm;rZI""r2n2;r31"“’r3n3) = Hdip(rll""rln;r21?"7r2n2;r31""r3n3)

+ (1 — x)Hy, (4 ~ 20 shells in GdAL). )

As noticed previously in § 3.2, our calculated values of the dipole field had to be
increased by 159 to fit the observed GdAl, splitting. For the lines centred around H ress
the experimentally observed GdAl, lineshapes (figure 1(b), halfwidths 22 MHz and
3-4 MHz) and the weights

W'(x,nl, "2,"3) - x20—(n,+nz+n3)(1 _ x)n1+n2+n3 . (10)
are used. '

The lineshape depends on the percentage of (111) and ( 100) domains. In order to
obtain an estimate of the dipolar field influence, calculations were performed for pure
(111) or (100) domains as well as for the experimentally observed mixture (GdAl,,
figure 1(b)). The results are as follows. ‘

() The observed line shapes cannot be fitted with a nonoscillating polarization
function as shown in figure 7, because for example the 49-5 MHz line is shifted to lower
frequency for x = 0-05 and 0-10 in contrast to the experimental results (for the’R~*
dependence by 0-7 and 1-4 MHz respectively).

25 40 55
(MH2)
Figure 8. Calculated Al line profiles for small x and ke/kE = 0-945 with the dipolar contribu-

tions taken into account. Full curve (111) domain nuclei; dotted and broken curves, (100)
domain nuclei.
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(i) Using the RKKY polarization function with large values of ke/K2 (eg 0-980)
there are too many lines as shown in figure 5 while for small ke/k2 (eg <0-900) there are
not enough lines predicted for diluted GdAl, in the frequency range of interest. Only for
an intermediate kp/k® value (eg 0-945) is the number of lines given correctly. Also in
"agreement with experiment, essentially no shift of the 49-5 MHz line is found. Figure 8
shows the calculated line profiles-of (111) and (100) domain nuclei signals for kg/kS =
0-945. . -

(i) The positions of the two observed peaks at about 42 and 46 MHz cannot be
described exactly by the RKKY polarization function including a dipolar contribution;
for kp/k® = 0-945, they are calculated to occur at about 43-7 and 47-2 MHz Even allowing
for a concentration dependence of the relative weights of the (111) and {(100) signals
and a deviation of ky/kQ from 0-945, it was not possible to fit both peaks.

These two peaks correspond essentially to Al atoms for which one nearest (42 MHz)
and one next nearest (46 MHz) Gd neighbour is replaced by nonmagnetic Y or La. In the
kg, range of interest both of these neighbours give a negative RKKY contribution to the
negative hyperfine field, whereas the third nearest neighbours contribute positively
(which is important in order to prohibit the shift of the 49-5 MHz line). Investigation
of the k; dependence of these contributions and the lineshape showed that an exact fit
of the peak positions can only be given if there is a considerable positive (ferromagnetic)
direct contribution superposed on the negative RKKY contribution of the nearest
neighbours or if the polarization decreases less strongly with distance than in the RKKY
model (with J(g) = I' = constant). Since a positive direct contribution is not likely
(Watson and Freeman 1961) for the large Gd-Al distance (3-276 A;), the second possibility
seems more realistic. Yosida (1957) showed that with the assumption J(g)f(g) = 2J(0)
for g < 2k and J(q)f(g) = 0 for g > 2ks a polarization function is obtained, which
varies with kzRF(kgR) instead of with the usual RKKY function F(kgR). Using this
function, with the same assumptions as were used for the calculation of figure 8 the
observed peak positions can be fitted with kg values of about (0-935-0-955) k3.

5, Concluding remarks

The line profile analysis shows that the experimentally observed Al spectra in Y or La
diluted GdAl, can be predicted roughly by the RKKY theory if instead of the free
electron value k2 the reduced value kr = 0945 kg = 1-53 A1 is taken. Line structures
obviously represent a quite sensitive means of testing the choice of the kg value and give
the possibility of evaluating kg independently of the other parameters entering the
calculation, for example the constant C of equation (4) and the analyses of the magnetic
data.

In the present calculations, in order to get the analytical expressions of equations
(1)-(3) the g dependence of the exchange integral J(g) was abandoned. The values of
I' and k; therefore represent averages over the q dependence. The sampling involved in
the above mentioned Gd neighbour configurations is certainly different and more
anisotropic than the sampling involved for undiluted GdAl,. For these reasons it is
gratifying that the value for kg derived above and the value obtained with GdAl, from
measurements in the paramagnetic region are essentially the same. This seems to indicate
that in these compounds a spherical approximation for the Fermi surface is not too bad.
A similar conclusion has been reached recently by Shamir et al (197 1).

In the line fitting procedure a number of drastic approximations have been made and
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it is at present unclear which of these is most responsible for the discrepancies between
the experimental and theoretical line shape. It is difficult to arrive at a clear cut conclusion
even in the case of GdAl, since it is necessary to allow for the dipolar contributions to
the line shape. Nevertheless the results do show that the observed Al1>” line profiles of
the compounds studied can be understood in terms of an RKKY like oscillatory con-
duction electron polarization.
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Letters to the Editor

Effects of pulsed field magnetization on the magnetic
behaviour of R;Co compounds

Abstract. Results are presented which indicate that the metamagnetic behaviour of
the R3Co compounds is probably the consequence of a time dependent behaviour of
the magnetization at low temperatures. Magnetization curves obtained in pulsed
fields, are appreciably different from those obtained in static fields, and in general,
open hysteresis loops are observed, along with much higher values of the critical fields.
It appears that the critical field values may depend upon the rate of field increase.

In a recent publication, Feron ef al. (1970) reported on the magnetic properties of the
intermetallic compounds R3Co, where R is a rare earth element. In keeping with earlier
work on the RzNi series (Feron et al. 1968) their results, obtained using the axial extrac-
tion technique, showed metamagnetic behaviour at 4-2 K for the compounds with R = Nd,
Gd, Dy and Ho. A critical field was also observed at 42 K for ThsCo, but the initial
magnetization of this compound was followed by an open hysteresis loop showing no
evidence of a critical field.

In the course of an extensive series of measurements on these, and related compounds
in our laboratory, we have examined the magnetic behaviour of the R3Co systems both
in pulsed (rise time = 0-2 m s) and static fields. It is the purpose of this note to indicate
certain differences which exist between results obtained using these two techniques, and
to point out the possible mis-classification which can occur when critical fields are observed
in magnetization behaviour. The detailed results of our observations will be published
elsewhere. .

The experimental, pulsed field, magnetization curves for the compounds with Nd,
Gd, Tb, Dy and Ho all show the existence of a critical field at 4-2 K, beyond which the
observed magnetization increases quite rapidly with increasing field before approaching
some saturation value. Only in the gadolinium compound does the increasing and decreasing
field curve folow the same path, in the remainder the initial magnetization is followed by
an open hysteresis loop which lies well to the left of the initial magnetization curve. In
the earlier static field observations (Feron et al. 1970), a hysteresis loop was only observed
in the case of TbsCo, and it was not clear where this lay with respect to the initial magnet-
. ization. Some evidence of the critical fields appears, however, in the pulsed field loops
for the terbium and dysprosium compounds but not for HosCo. The magnetization curves
at 4-2 K for GdsCo and DysCo are given in figure 1 along with those from Feron (1970).
As may be seen, the details of these two sets of data are appreciably different, as is also the
case for the remaining compounds, and we have indicated these differences in table 1. A
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Figure 1. The magnetization-field curves for GdsCo and DysCo at 42 K obtained
using both pulsed and static field data are taken from Feron ez al. (1970).

Table 1.

Pulsed Fields Static Fields————

critical ~dM/dH(ps/KOe) hysteresis critical dM/dH hysteresis
- field (KOe) (H=0) loop field (KOe) (H=0) loop
GdsCo 71 0-18 No 3 03 No
TbsCo 65+ 3 0-01 Yes 10 0:014 Yes
DysCo 50 2 - 0-007 Yes 16 0-014 No
HosCo 2405 ? Slight 2 ? No

further discrepancy is also found in the GdsCo data, in that the critical field is still clearly
visible (2 KOe) at 77 K using the pulse-field observations.

The observed behaviour of the magnetization in the pulsed fields is remarkably similar
to that reported by ourselves for the DyCos-DyNis pseudobinaries (Slanicka et al. 1971)
in which an extensive time dependence in the magnetization process at liquid helium
temperatures was also discovered. It was possible to account for this behaviour in terms
of the effects of high magnetocrystalline anisotropy on the thickness and mobility of the
domain walls in the unmagnetized state. It is now reasonably well established that for
suitable values of the exchange and anisotropy energies, the width of a domain wall may
become comparable to the atomic spacing (Bulaevskii and Ginzburg 1964, Barbara et al.
1970) and that under these conditions the initial magnetization process will be one of
magnetization rotation only, and take place for fields in excess of some critical coercive
field (Barbara er al. 1970, Graham 1971). This has been called ‘intrinsic pinning’, in a
qualitative description of the process by Zijlstra (1970). Since the rotation is limited by an
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energy barrier associated with the magnetocrystalline anisotropy, the magnetization in an
applied field can be expected to increase at a rate proportional to exp {(—Ea + MH)/kT}
where Ea is the anisotropy energy and M the domain magnetization. At low temperatures,
the time constant of this increase lies well within the range of measurement for values of
the exchange and anisotropy constants which are not too restrictive. Once magnetized,
the subsequent behaviour will be similar to that of a single domain particle and will be
influenced by the demagnetizing field. As a result (i) the coercivity of the hysteresis loop
will be less than that of the initial magnetization curve, and (ii) any time dependence of
the magnetization on decreasing (and subsequently reversing) the field will be different
from that of the initial magnetization.

In all low temperature measurements of this kind of material we are dealing with a
nonequilibrium process. In the simplest case the magnetization may be written:

M(H, 1) = Ms{l —exp (—1/7)} -
with 1/r = A exp [{<Ea + MsH(t)}/kT]

and, for the pulsed field measurements,
' 2
H(t) = Hyp sin wt = Hp sin 71: L.

In the course of the measurement, sudden changes in M(H, ) will only be observed when
the time constant of the change = becomes appreciably less than the time rate of field
change. This latter term can be replaced by 71 for the pulsed field observations and by
the measurement time in the case of static field measurements. Since there can be a dif-
ference of as much as 107 (104 s to 103 s) in the rate of field change, the value of the observed
critical field may differ appreciably between the two extremes. It should also be pointed
out that in the static field observations the form of the results will depend critically on
the details of the experimental method. For example, in the extraction method, if the
specimen is allowed to remain in the field for several time constants of the rate process
then it may be assumed that the measurements will approach the equilibrium values, but
for times shorter than this the results will characterise a somewhat nebulous intermediate
state.

In cases such as the compounds under discussion, which on magnetizing show a critical
field phenomena, the magnetic state will return to a multidomain configuration, over a
finite time, on decreasing the applied field due to the effects of temperature and demag-
netizing field. This will be assisted to some extent in polycrystalline materials by domain
wall nucleation occurring at the grain boundaries (Zijlstra 1970). An apparently ‘meta-
magnetic’ behaviour can then be expected for static measurements, which will have a
similar magnetic behaviour for both increasing and decreasing fields. For pulsed fields,
however, the observed magnetization-field behaviour can either be similar to that in static
fields, or show an open hysteresis loop, depending upon the relative values of the two time
constants over the range of applied fields used.

In view of the above discussion we believe that most, if not all, of these compounds are
ferromagnetic, but that their behaviour at low temperatures is severely affected by large
values of the magnetocrystalline anisotropy. It is suggested that the previously reported
metamagnetic behaviour arises as a consequence of the method of measurement rather
than from a classical antiferromagnetic moment configuration. Similar conclusions have
been reached from a different approach (Buschow 1969) for DysAlz, which had previously

been reported to be metamagnetic at low temperatures.

Physics Department, K. N. R. TAYLOR

University of Durham. G. J. PRIMAVESI
15th January 1971
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Anomalous nuclear resonance behaviour of ¥Co in GdCo,

Abstract. Spin echo measurements of the 5Co nuclear resonance in GdCos have
revealed a rapid decay of the spin-echo amplitude with temperature up to 40 K fol-
lowed by a further growth up to 79 K and subsequent decay above this temperature.

In order to investigate the temperature dependence of the hyperfine field at the 5°Co
nucleus in GdCog, a spin-echo spectrometer was used, operating at frequencies near
60 MHz. Envelope demodulation was employed, following a conventional 32 MHz if
amplifier, the echo being displayed on an oscilloscope. The resonance line shape is shown in
figure 1. To minimise the effects of spin-spin relaxation on the primary echo (Hahn 1950)

Amplitude Carbitrary units)
N w
o2
T

o
T

1 1 1 ! ] 1
56 58 60 62 64 &6
frequency (Mc s-)

Figure 1. Line shape of the 5%Co nuclear resonance in CdCoz, obtained by spin echo
measurement at 4.2 K.

the two, low-power, rf driving pulses were as closely spaced as would allow the echo to be
produced clear of the receiver recovery curve. The pulse width used for this series of measure-
ments was 0-5 us, the pulse separation 6-5 us and the repetition frequency 100 Hz. In a
similar investigation, Taylor and Christopher (1969) had been unable to make echo ob-
servations above 15 K because of the reduction in echo amplitude with increasing tempera-
ture. The present spectrometer was capable of producing a noise-free primary echo in



Letters to the Editor L11

GdCogz at 77K and hence no difficulties of measurement were anticipated below this
temperature. ‘

The hyperfine field strength observed at 4-2 K during these measurements is 60-8 kOe, in
agrrement with previous observations. With increasing temperature its magnitude decreases
slightly (1%) between 42K and 165K, at which temperature the echo was no longer
visible. Over this temperature range the echo amplitude varied in an unexpected manner,
decreasing rapidly from its value at 4-2 K before passing through a broad minimum at

7100
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Figure 2. Echo amplitude, corrected amplitude and T2 against temperature. The circles
represent the observed amplitudes; the triangle represent the values of T2 (right-
hand ordinate); the crosses represent the corrected amplitudes (together with indica-

tions of the cumulative errors) which have been normalized to give the same
amplitude at 4-2 K. ’

40 K and a local maximum at 79 K. Beyond this the amplitude falls monotonically and is
unobservable above 165 K. This variation of echo amplitude is shown in figure 2.

In an attempt to understand the origin of these changes in the resonance amplitude, those
parameters have been examined which are likely to affect its value directly, namely spin-
spin and ‘spin-lattice relaxation and the domain wall enhancement factor.

Values of the spin-spin relaxation time T» were obtained over the entire temperature
range using the conventional two-pulse technique, the echo decay being a true exponential
in each case. The variation of T2 with temperature is shown in figure 2. As can be seen, the
form of this dependence is very similar to that of the echo amplitude and must account, at
least in part, for its anomalous behaviour. Measurements of the spin-lattice relaxation time
T using the three-pulse method, are severely limited at low driving-pulse power levels by the
very small stimulated echo amplitudes above 4-2 K. As a result T1 has been satisfactorily
measured only at 42 K and 77 K. Separate measurements at higher driving-pulse power
levels have indicated that T also has a local maximum at 79 K.

With the observed values of Tz, the echo formation time of 13 us leads to a 13 % decrease
from the zero-time echo amplitude at 42 K and an 899 decrease at 40 K. Consequently
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the observed amplitudes have been corrected for the T» decay and are plotted in figure 2
for comparison. The basic features of the curve still exist, but are shifted to lower temper-
atures. This method of correction assumes that only a single-time-constant relaxation
process is operative, Time constants very much less than 13 ps (the minimum echo formation
time of this spectrometer) cannot be observed on this equipment. The corrected curve will
therefore be subject to further modification if a very fast relaxation mechanism is found to
be present.

Since many of the rare earth intermetallic compounds show evidence of the development
of high magnetocrystalline anisotropy effects below 50 K, it is possible that such changes
may occur in GdCog and be reflected into the nuclear resonance through the domain wall
enhancement factor 5. However, measurements of 7 showed that it was essentially constant
from 4-2 K to 165 K, in agreement with previously reported work (Dean et al. 1970) for
other ferromagnetic materials. ,

Referring again to the corrected echo amplitudes of figure 2 it could appear that the
basic variation is one involving a broad, deep minimum at 30 K. The existence of such a
minimum would then arise only through a very fast relaxation process which is unobservable
because of the spectrometer’s minimum echo formation time as discussed above, or through
a separate mechanism which decreases the number of excited nuclei. Examination of the
data of figure 2 shows that between 4-:2 K and 30 K the corrected echo amplitude is
accurately proportional to (temperature)~, This is, of course, characteristic of normal
behaviour (Dean et al. 1970) and it would perhaps indicate that the anomaly is not the
amplitude minimum, but the local maximum at about 53 K. Unfortunately, the growth of a
nuclear resonance with increasing temperature is not so readily interpreted as is a decay,
especially in view of the constant enhancement factor. It is hoped that a more detailed
observation of the effect can be made using a more sensitive spectrometer, presently under
construction, to give a clearer insight into the mechanisms causing this apparent anomaly.

Department of Physics, G. BrowN
University of Durham, M. A. A. TssAa
South Road, K. N. R. TAYLOR
Durham. 13 January 1971
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