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Abstract

Nuclear magnetic resonance is a technique which is widely applied in solid state
physics. It is sensible to the local fields present in the materials and, therefore, allows
the investigation of their static and dynamic properties at microscopic scales. For
instance, it gives access to the order parameter in an antiferromagnet. It is therefore
a very suited tool for the study of complex microscopic physics as in the case of
strongly-correlated systems.

In this work, we present the first microscopic studies, by nuclear magnetic reso-
nance (NMR) of five new heavy-electron compounds, i.e. the Ce La;_, NiGa, series.
The five x-values we chose to investigate are 0, 0.2, 0.5, 0.7 and 1, which show
an antiferromagnetic (AF) phase transition for Ce level down to 50% below Ty in-
volving small localized Ce moments. As probing nucleus, we have chosen 7*Ga, for
consistency with the previous work [29] [30]. In particular we will present studies
of the NMR shifts and lines-shapes and of the spin-lattice relaxation process for a
wide range of temperatures, from 100 mK up to 300K. In 5.003 T, the spin-lattice
relaxation rate T, '(T) shows remarkable changes in its temperature dependence,
highlighting a complex equilibrium among crystal-field, disorder-, Kondo-screening-
, and RKKY interaction effects.
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Chapter 1

Interplay of Kondo effect and RKKY
interaction

1.1 Crystal-field effects

The shapes of the atomic orbitals are different from one orbital to another (i.e. s
orbitals have a spherical symmetry), so we need to know the shapes of the p, d and f
orbitals to understand the effect of the surrounding environment on the energy level
of an atom. Crystal-field theory is a model that explains the change in magnetic
properties by describing the breaking of degeneracies of energy states by the effect
of the surrounding charge distribution as a static electric field due to the crystal,
usually d or f orbitals, in transition metal complexes in ionic crystal [1].

The crystal field is an electrostatic field derived from the surrounding ions and
molecules (ligands). In transition metal compounds, the ligands are modeled as a
negative charge attraction with the positively charged metal cation constituted by
an electric dipole that repels electrons in the d-orbitals of the central metal ion due
to repulsion between like charges [2]. The five degenerate d-orbital will lose their
degeneracy where the effect of the electrons from the ligand will vary from d-orbitals
to another. Thus that case has a splitting in energy level. For d-orbitals which have
a strong-field ligands and weak-field ligands depending on how much is the splitting
A of the d-orbital energy levels [3] . The electronic configuration of Ce®* is [Xe]4f!
with only one electron outside closed shells. The crystal field will split the energy
levels into three doublets, [4, 5]

1.2 Kondo effect

Usually in pure metal the electrical resistance should decrease with a decrease in
temperature that make the vibrations of the atoms small, furthermore the electrons
can travel more easily through a metallic crystal, the resistivity of a conductor can
be expressed as:

p=p,+al? (1.1)

where p, is the residual resistivity originating from lattice impurities, aT> comes
from the lattice vibrations (phonons). In the 1930, they experimentally observed that

1



1. Interplay of Kondo effect and RKKY interaction 1.2. Kondo effect

the electrical resistivity has a logarithmic decrease at low temperature in magnetic
dilute alloys (diluted Kondo effect), which is also observed in many heavy fermion
compounds with rare earth elements such as cerium (dense Knodo effect) [6]. This
phenomenon explained by Kondo in 1964 so that it is called the Kondo effect where
introduce a new formula for the resistivity:

p=p0+aT5+bT2—cmln% (1.2)

where a, b, c,, are constants, aT? comes from the Fermi liquid properties and the
last term derived by Kondo [7], as depicted in Fig. 1.1 .

The heavy fermion materials have two kinds of electrons, conduction electrons
from outer orbitals, and electrons from inner f-orbitals called strongly correlated
electrons. Kondo effect occurs when the localized magnetic moment S of the single
magnetic impurity is interacted by the conduction electron density 5(0) localized
about the impurity, which is described by the Kondo Hamiltonian for 4f electronic
states [8, 9].

A, =—2J,S -5(0) (1.3)
The exchange coupling constant for the electron at the Fermi surface,

5 U

J=Vi———
K er(ep +U)

(1.4)

Where Jy is the interaction constant between the spins of the conduction electrons
and the localized 4f -electrons, V is the hybridization strength of the conduction
band with the 4f states, ¢; is the energy of the localized 4f state and U is the on- site
coulomb repulsion between electrons in the 4f shell. Ji is negative if ¢; is negative
and & + U . The temperature for this interaction is the Kondo temperature T [10]:

D 1
Tx = (k—B)eXP (—m) (1.5)

with D is the conduction electron band width and N(E;) is the single spin density

of states at the Fermi level of the host. The effect of Kondo Hamiltonian .7%; in the
dilute case is the following:

* T — 0, a Kondo singlet state is formed when the impurity spin is completely
screened by the conduction electrons.

* T > Ty, the f-electrons are localized, as shown by the Curie Weiss behavior of
the susceptibility.

* T =~ Ty, the resistance shows a minimum with decreasing temperature until it
saturate and increases logarithmically with further lowering of T

2



1. Interplay of Kondo effect and RKKY interaction 1.3. RKKY interaction

resistance

temperature

Figure 1.1: Resistivity at low temperatures, The blue line shows that for metal
when the temperature is lowered, its resistance decreases towards a finite residual
value.The green line shows the behavior of some metals which become supercon-
ducting at a critical temperature. However, the red line shows behavior of metals
that contain magnetic impurities when taking the Kondo effect into account [11].

Periodic Anderson model

The above picture can be generalized in systems with periodical lattice of mag-
netic ions by Periodic Anderson model (PAM) [12]:

Hopam = Z s(k)cliacka + Z eiszfkg — Z Vi (fljacko + cliafk(f) + Ufz nyn; (1.6)
k,O' k,o'

k,o J

The first term describes the energy of the conduction electrons in the metal. the
second term is the energy of the electrons on the impurity state. The third term
describes the weak hybridization between the conduction band and the localized
impurity electronic state, and the last term describes the on-site Coulomb repulsion
within a f shell.

1.3 RKKY interaction

The indirect exchange interaction between nuclear spin and the conduction elec-
trons was described by Ruderman, Kittel, Kasuya and Yoisda is therefore called RKKY
interaction. As will describe in Sec. 2.2.1. If the distance between the rare earth
atoms is too large to allow overlapping of the f -electrons wave functions, the direct
interaction will be neglected by the systems, therefore the RKKY interaction become
very important specially in metals containing rare-earth ions[ 13].The RKKY Hamil-
tonian is described by:

%RKKY:_ZaijTi'T} (1.7)
i#j



1. Interplay of Kondo effect and RKKY interaction 1.4. Doniach’s phase diagram

with I, the f-electron total angular momentum at the site i and

_ 9N2 2 2
a; = _Z—EFWK(& —1)*F(2kgr) (1.8)

N is the number of conduction electrons per atom, g; is the Landé g-factor of one
localized spin, Ji is given by Eq. 1.4, Er and kg are the Fermi energy and the Fermi
wave vector of the conduction electrons, respectively. The coupling can be ferromag-
netic or antiferromagnetic depending on the sign of a;. The oscillatory function F(x)
is given by:

_ xcos(x) —sin(x)

F(x) " (1.9)
x
The temperature for this interaction is the RKKY temperature Tgxgy
Texiey ©< N (Ep)Jx (1.10)

1.4 Doniach’s phase diagram

The Doniach’s diagram describes the competition between the local Kondo ef-
fect, which is characterized by Ty ~ exp(—1/Jg) which tends to decrease the mag-
netic moment below Ty and the strength of the RKKY interactions which is charac-
terized the magnetic order Tpyyy ~ J7 below the Neél temperature (Ty) in cerium
compounds.[3] [12]. The Doniach’s diagram is illustrated in Fig.1.2 , which show
the relation between several characteristic temperatures and the Jyp.In cerium com-
pounds the competition occur between non-magnetic (Heavy fermion regime) and
antiferromagnetism (AFM). For small values of Jy, Ty is larger than Ty and the sys-
tem order magnetically (the RKKY interaction is dominant). In intermediate values
of Jx magnetic order occurs with partially screened magnetic moment due to the
Kondo effect, the Quantum Critical Point (QCP) at zero temperature in this regime
separate between (AFM) phase and heavy fermi liquid phase. For large values of Jy,
Trixy is smaller than Ty and the system tends to heavy fermion behavior [9].

7
Kd
T g,
o 0 De~ YV JTrn (1) T."\' 7
wwm Tripy ~ Jipt(p)
%y
Heavy

Fermi Liquid

Jrp® (1) QcP

Figure 1.2: Doniach’s phase diagram of a Kondo lattice [12]
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1. Interplay of Kondo effect and RKKY interaction 1.5. Kondo disorder model

1.5 Kondo disorder model

In dense heavy fermion compounds, instead of few diluted impurities, a regular
lattice of magnetic impurities is found. As a consequence, the one-impurity model
cannot describe the properties of their cerium compounds. In Sec. 1.2, we discussed
how the heavy fermion materials have two kinds of electrons, where the f -electrons
consider as a lattice of localized spins.The coupling between the conduction electrons
and the strongly correlated electrons has been described by the Kondo lattice model.

The competition between the Kondo effect and the RKKY interaction is strongly
affected by the disorder in alloys. This disorder can be studied by Kondo-disorder
model if we consider the interaction between localized spins to be random (zero-
mean distribution). A broad distribution of Kondo temperatures has been produced
by the disorder, which is considered as the origin of the deviation of its properties
from the Fermi-liquid behavior in heavy fermion compounds, such as cerium based,
CeNi,_,Cu, [14], or uranium based, UCus_,Pd, [15], compounds.
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Chapter 2

NMR: theoretical aspects

2.1 Fundamentals of NMR

2.1.1 Nuclear magnetic resonance

The magnitude of the nuclear total angular momentum J is related to the spin
quantum number [ according to the relation:

J=m/II+1), 2.1)

where # is the reduced Planck constant. If the external field is parallel to the z-
direction, then the component of the nuclear spin angular momentum is:

J, =L =mh, (2.2)
where I, is the magnetic quantum number with multiplicity 21 +1:
L,=m=—I1,—I+1,...,1—1,1. (2.3)

In order to the NMR signal, the nucleus needs to have a non-zero nuclear spin. This
condition is true when it contains an odd number of protons, neutrons, or both.
Nuclei with an even number of both protons and neutrons have a nuclear spin equal
to zero and, therefore, they are called NMR-inactive nuclei [16].
Nuclei with non-zero spin features a magnetic dipole moment yu = yhI. We focus
our attention on these nuclei in a static applied magnetic field B described by the
Zeeman Hamiltonian:

H; =—u-B=—yhl-B (2.4)

Where y is the magnetogyric ratio of the nuclear spin. The quantized axis is defined
parallel to the external magnetic field, which is chosen to point along the z-axis,
that is B = Bz. The effect of the external magnetic field is to lift the (21 + 1) fold
degeneracy of the ground state in equally spaced energy level [17].

E,=—mhyB (2.5

The difference in energy between two adjacent levels is defined as the Larmor fre-
quency (v, = w./2m)
w,. =vB (2.6)

7



2. NMR: theoretical aspects 2.1. Fundamentals of NMR

The heart of the principle of nuclear magnetic resonance resides in the capability of
inducing a transition between two Zeeman split energy levels. The selection rule for
the dipolar transition between different energy levels is Am = £1, so a perturbation
of angular frequency corresponding to the Larmor frequency is required.

This is illustrated in Fig. 2.1 for a nuclear spin I = 3/2, where three transitions
take place, the transition from - %H% and %H% are known as satellite transitions
while the - % — % represents the central transition [18].

L m=-3/2
7
2 7 Satellite Transition
7/
4
7/
. A V=ip
/ -
b>6 - A
S -
Q _g -~ Central Transition
g N
~
83 ~ o
\ ~ o |1 Vm=1/2
N
N A
N\
\ Satellite Transition
N\
N
\ Vm=3/2
| '
0 B
0

Figure 2.1: Energy levels of a I = 3/2 nuclear spin in an applied magnetic field B,,.

2.1.2 Macroscopic magnetization

The macroscopic magnetization M inside the material is defined as the sum of all
the single magnetic moments u; of the nuclear spins.

M =Z,ui 2.7

The longitudinal magnetization is the z-component of M (where 2 is the direction of
the applied magnetic field), whereas the transverse magnetization is the component
of M lying in the xy plane. Because nuclear spins precess around the magnetic
field along the z-axis of the laboratory frame of reference, an individual nuclear
moment has the same probability of being in any direction lying in the x y plane. The
population of the energy levels at a certain temperature of equilibrium is governed
by the Boltzmann distribution:
Np

_ ,—AE/(kpT)
=e s 2.8
N, (2.8)



2. NMR: theoretical aspects 2.1. Fundamentals of NMR

in which Ny and N, are the number of particles in the states § and a, respectively,
kg is the Boltzmann constant, T is the temperature of equilibrium in the sample, and
AE is the energy difference between the levels f and a [AE = Eg—E, = (+)yﬁ%BO—
(—)yh%BO = hyB,]. When AE is much smaller than kT then we obtain:
]ﬁ ~1— N
N, kgT

(2.9)

which is the high-temperature approximation. So that the population difference
AN =N, —N; and N =N, + N,

fiyB,

AN ~N
2ksT

(2.10)

The equilibrium magnetization along the z-direction can be evaluated by multiplying
the numbers of nuclei with the magnetic moment carried by each nucleus (along the
Z-axis):

h*y’B
M =N Y Do
4ky T
The transverse components of the magnetization average out to zero because of the

destructive interference, since the individual spins are precessing all at the same an-
gular frequency around the magnetic field, but their phases are completely random.

(2.11)

B
(] Bc—

7

Figure 2.2: Transverse components of the magnetization and the equilibrium mag-
netization along the z-direction.

2.1.3 RF pulses and the rotating frame

The transverse components of the magnetization average is zero, as we see in
Sec. 2.1.2, so that we apply radio frequency RF pulse to the sample for a short time
to rotate the nuclear magnetization into the transverse plane with respect to the B
field. The RF field generates an oscillating magnetic field,referred as B;, which is
produced by sending RF current into a coil wrapped around the sample, as shown in
Fig. 2.3(a). Applying a magnetic field B; orthogonal to the external magnetic field B
at the Larmor frequency ,let’s say along the x-axis, will cause the magnetic moment

9



2. NMR: theoretical aspects 2.2. Local interactions in the solid state

to precess in the (yz)-plane at frequency w, = yB;. If we apply B, for a time 7, the
resulting magnetic moment will orient along the y-axis [19], such that:

YBiT = g (2.12)

is referred to as a /2 or a 90° pulse, see Fig. 2.3(b).
If we apply B; for time twice /2 pulse duration, the resulting magnetic moment
will orient along the —z direction, see Fig. 2.3(c).

YBit=m (2.13)

is called a 7 or 180° pulse.

(a) (b) m/2pulse (c) mpulse

H
/——FF_\_\\LCUF::ZGM
_—

sample
& RF coil

Figure 2.3: (a) The generation of oscillating magnetic field B, relative to the RF
coil. (b) Schematic representation of a 7t/2 pulse (c) a 7t/4 pulse, generated by the
application of the B, field [19].

2.2 Local interactions in the solid state

A local magnetic field is found at the nuclear site, where nuclear spins are inter-
acting with their electronic environments, these interactions will shift and broaden
the nuclear magnetic energy levels E_, and lead to relaxation effects.

Therefore, the NMR resonance condition Eq. 2.6 become:

wyvr = Y(B + By,e) (2.14)

where B, is the local magnetic field, originates from the interaction of a nuclear
spin with its magnetic environment like magnetic moments.
In general way, the Hamiltonian of the nuclear spin in a magnetic field expands
to [20]:
H = Hy + Iy + I, + T (2.15)

As depicted in Fig. 2.4, where 7, is the Zeeman Hamiltonian has already been in-
troduced in Eq. 2.4, J7,_, is the nuclear- nuclear interaction Hamiltonian, J7,_,,
is the nuclear-electron interaction Hamiltonian, the last contribution /7, represents
the electric quadrupole Hamiltonian. They will all be discussed in detail in the fol-
lowing.

10
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Figure 2.4: The representation of all terms involved in the general nuclear Hamilto-
nian [5].

2.2.1 Interactions between nuclear spins

The nucleus-nucleus interactions .7, _, between two nuclear spins I; and T; have
been divided into the direct dipolar coupling and into indirect coupling:

oy = Y Ta(Fl = 280 + e (2.16)
L,J
The nuclear magnetic dipoles are another sources of magnetic fields, which process in
the applied magnetic fields at the Larmor frequency where the other nuclear dipoles
see these dipolar fields which are usually of the order of a few Gauss [21]. So the
direct dipolar Hamiltonian can be writen as:

N
d‘r_E: 7T 7
%_ln— |:II.IJ_3
i

i<j ij
This is for general case of spins i and j. Where 7} is the separation between thise
two nuclear spins, the general direct dipolar coupling gives rise to a homogeneous
broadening of the resonance line.
The second part of the coupling is the indirect coupling %TS” which is the
electron-mediated interactions, can be expressed as:

27,—[2
2 2.17)
r:

2

by

(T - 7, - f;j)i|
r

%i_nsir == Iiaijf (2.18)

—

where the coupling tensor a;; depends on the coupling mechanism. The hyperfine in-
teractions between nuclear spin and a surrounding electron is one way of the indirect
coupling between the two nuclear spins as we will see in the following section

2.2.2 Hyperfine interaction

The nuclear-electron interaction or hyperfine interaction is the magnetic interac-
tion of electronic states such as electronic spin S and the orbital momentum L of the

11
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electrons with a nucleus spin I, the hyperfine Hamiltonian ¢ in general form can
be written as.

rS r3 3

. $.7).7 8 L1
A, =ynyeh21-[(3u— S )+8—“55?+F] (2.19)

where 1 is the separation between electron and nucleus.

Dipolar coupling: The first term 7, describes the dipolar interaction between
nucleus magnetic moment and electron magnetic momentum, which is made
if the distance between these two spins is large enough, where is the case for p-
, d- and f -orbitals, not for s-electrons. The dipolar interaction leads to dipolar
shift Kg;,, this term is anistropic.

Contact interaction: The second term .57, describes the Fermi contact interaction
arises from the direct coupling between the nuclear spin and the spin of un-
paired s-electrons leading to contact shift K. .,.- In the same way as the Fermi
contact contribution there is a core polarization which describes the polariza-
tion of the spins from unfilled outer electronic shells, even closed s-shells lead-
ing to core shift K..,.. where these two terms are isotropic.

core*

Orbital contribution: The last term 7., in Eq. 2.19 is the so called orbital inter-
action. It is due to the effective field created by electrons which possess a non
zero orbital angular momentum . of the electron and the nuclear spin [ leading
to orbital shift K.

Knight shift

In paramagnetic metals there are displacements of the NMR frequency with re-
spect to the frequency of the free nuclei, the resonance field shift which is determined
by the local spin polarazation of the conduction electrons known as Knight shifts with
the abbreviation K, or hyperfine coupling between nuclear spin and conduction elec-
trons.Together with the Zeeman term, one obtains :

Hy+ H,_, =—yhI(1 +K)H, (2.20)

where K is the Knight shift tensor. The observed resonance frequency will express
the expected Larmor frequency w, shifted by the Knight shift K, for a measurement
along the z- axis:

Wops = (1+K,)w; (2.21)

The Knight shift covering all different couplings between nuclear spins and electronic
spins.
K= Kdia + Korb + KS (222)

where K is the spin shift (K; = Kgi, + Keontace T Keore) and Kgi, is the diamagnetic shift
arises from the diamagnetism of the ion cores and the Landau diamagnetism of the
conduction electrons, diamagnetic shifts are very small so they can be neglected.

12
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2.2.3 The quadrupole interaction

The charge distribution is perfectly symmetric when the spin I of the nuclei is
1/2 where nuclei behave like point charges. In contrast to nuclei with I > 1/2 the
charge distribution will be ellipsoidal having an nuclear quadrupole moment Q [17].
The surrounding electric charge distribution produce an electric field gradient inter-
act with the nuclear quadrupole moment described by the quadrupole Hamiltonian
;. The electric field gradient is a second rang tensor defined as:

2%V
Vi, = with i,j=x,y,2 (2.23)

b 9xx;

where V is the electrostatic potential. The quadrupole Hamiltonian 7%, can be ex-
pressed as:

e’qQ
= — = [3?—I*+n(I*—1I? 2.24
2 = iy U= I)] (2.24)
where e is the charge of the electron, q is the electronic quadrupole moment, Vyy, Vi,

and V,, are the diagonal elements of the electric field gradient tensor which is trace-
less (V2V =0):
Ve + Vi +V,, =0 (2.25)

It is common to use V,, = V,, = V,;, and eq = V,,. For spherically-symmetrical charge
distribution the quadrupole interaction vanishes where in this case V,,, =V, = V,, =
0. then we can also use the asymmetry parameter:

|Vxx - Vyyl
== 2.26
n=—% (2.26)

7z

The effect of the quadrupole interaction in strong magnetic field, where v, > v, v =
wy/2m, is to split the principle resonance line in to 2I resonance lines and the
quadrupole Hamiltonian .77;, will be the perturbation of the Zeeman Hamiltonian
;. The change of energy in first order expansion can be expressed as:

1 1
ED(0,¢,n) = Zrth(?) cos* 6 —1 + nsin* @ cos 2¢) [mz — gI(I + 1)] (2.27)

In the first-order quadrupole correction the frequencies from the central peak (m «—
m+ 1) can be expressed as :

O mi1 = Wo(m—1/2)(3cos* 6 — 1+ nsin® O cos 2¢) (2.28)

where 6 and ¢ are the angels between the applied field direction and the principle
axes of the electric field gradient (X, Y, Z). The quadripolar frequency (v,) equal

v = 3eQVy; _ 3e*qQ
QT o1(2I1—1)h  2I(2I—1)h

= wq/2T (2.29)

The central transition is unaffected to first order in the quadrupole perturbation,
but is shifted by (e>qQ)?/yh by second order perturbation. If we take for example

13



2. NMR: theoretical aspects 2.2. Local interactions in the solid state

I =3/2 in an uniaxial symmetry (1 = 0) and in a strong applied magnetic field, the
level splitting for 6 = 0° and 6 = /2 shown in Fig. 2.5.

AED AEP
; 'y
v+ 12w,
-3/2 . -312 I
VitV v —1/2v
a
172 . 112
\J I "L = "q 3 y \-L
L A Vi
v v
+1/2 L - +1/2 v
“.__‘ \"L ]'3\"q " 5
_._[JVL_ Va v +12v,
v+ 12y
+3/2 1 +3/2 ¥ .

2v,

LA

T
vV, L Y q \,L v

(a) (b)

Figure 2.5: Level splitting for I = 3/2 in an uniaxial symmetry (1 = 0) in a strong
magnetic field with two different orientations of the electric field gradient in the field
(a) for 6 = 0° (b) for 6 = 7t/2.[20]

Fig. 2.6 displays the effects of all the possible interactions on the energy levels
and, hence, the related transition frequencies, in the case I = 3/2, 1 =10, 6 = 0°,
and V,, # 0. These considerations are valid under the assumption of a Zeeman
perturbative regime, i.e., 7 > J4,

Em/h(_!) /'/4{0 ,/4/!]7” \//4:179 . (/4{?
L m=32 e — _
; : m‘oﬂuq
im=1/2
f',‘ = 3/2 1 o to r
Som=-1/2 L R O o',
Ym=-3/2 ) : o', -®
'

-
HO] O+mq

—
-

Intensity
—_—

-
[~
-
[~
o]
=z
e

i
1w 0 (‘}q

Figure 2.6: Summary of all possible interactions, J¢;,5,_,,7,_, and J#, for I = 3/2
[5].

All formulas in this section,which describe the nuclear quadrupole moment inter-
action with electric field gradient, are valid for single crystals where the angles 6 and

14



2. NMR: theoretical aspects 2.3. Relaxation phenomena

¢ between the applied field B and the crystalline frame, have well-defined values.
In a powder made crystallite (i.e., Ce,La;_,NiGa, series) oriented randomly with
respect to B [21, 22]. Its shape can be calculated by second-order quadrupole cor-
rection, where the resonance frequency of the central transition will shift by second-
order quadrupole shift [23]:

2
_ %

L

w 1=
2

3
Y [I(I +1)— Z] [A(p,n)cos* 6 +B(p,n)cos® 6 +C(p,n)]  (2.30)
where A, B, and C depend on angle ¢ and asymmetry parameter 7 (their expres-
sions can be found in Ref. [22]). Fig. 2.7 display the first-order splitting of satellites
and second-order broadening and shifting of central component , for powder pattern

for a nucleus of spin I =3/2 [24].

(b)
qv)

lfL- yn VL- V% LN W+ V% l’Lf Va
(a) (b)

Figure 2.7: Quadrupole splitting of the magnetic resonance for a powder patterns
for I = 3/2 (a) First-order pattern (b) second-order pattern.[24]

2.3 Relaxation phenomena

After the B, field is turned off, the nuclear spins will evolve to return back to their
original thermal equilibrium which is called NMR relaxation. This process occurs in
a finite time, depending on the magnetic environment of the nuclear spins and the
thermodynamic condition of the sample. At a practical level, the rate of relaxation
determines how fast an experiment can be repeated, so it is important to understand
how relaxation rates can be measured and the factors that influence their values.
The rate of relaxation is influenced by the physical properties of the molecule and
the sample, so a study of relaxation phenomena can lead to information on these
properties. Bloch has introduced equations considering the nuclear spin dynamics
and relaxation processes describing the precession of M around B, known as the
Bloch equations:

dMy _ (M x B) _ My (2.31)
T T, '
M, M x B) M (2.32)
dt =1(MxB), T, '
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2. NMR: theoretical aspects 2.3. Relaxation phenomena

dM My—M
*=y(M xB),— ——

Z
it T, (2.33)
The relaxation is characterized by T, and T,, which are called spin-lattice relaxation
time and spin-spin relaxation time, respectively, (relaxation rates R; = 1/T; and
R, = 1/T, are also used) These two quantities are two time constants both occur at
the same time, characteristic of the system as explained in the following. Figure 2.8
shows an example for each of these mechanisms.

1.2

Cey sLay sNIGa,

| Ceyska, gNiGa,

Norm. amplitude [arb. units]
e o

(3%
Norm. amplitude [arb. units]

-0.2

] [‘],4 ] [‘],2 0 05 1 15
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Delay [s] v sl A0
(b)

€))

Figure 2.8: Plots reporting the results of two different relaxation-time measurements
in Ce, sLa, sNiGa,: (a) T; measured at 20K, and (b) T, measured at 20 K.

2.3.1 Spin-lattice relaxation time T}

The longitudinal component of the nuclear magnetization return back to its equi-
librium position in a characteristic time T1, when moved away from it, giving it the
name of longitudinal relaxation. This relaxation is a consequence of the energy min-
imization, which is caused by an exchange of energy between the nuclear spins and
its environment, such as the surrounding electronic lattice spins, giving it the name
of spin-lattice relaxation. These lattice spins affects the nuclear spins by generating
local magnetic fields, in particular transverse ones. The transverse fields oscillating
on resonance are the most effective in relaxing the macroscopic magnetization. Their
effect on the individual spins is to induce a transition from one spin state to another
when the energy difference between those states is exactly AE = hw. Since states
with the spin aligned along the field direction are at a lower energy state, transition
to these states will be favored in terms of probability, thus allowing the magnetiza-
tion to be restored to its original equilibrium value By solving the equation Eq. 2.33
we get for a 90° (B;) RF pulse:

M,(t) = My(1—e™/™) (2.34)
For a 180° inversion (B;) RF pulse,
M,(t) = My(1 —2¢7/T) (2.35)

The process of T, relaxation after a saturation pulse( 90° rf pulse) is applied at equi-
librium where M, is reduced to zero, but then recovers back to its equilibrium value
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along the z-axis if no further rf pulses are applied as we will describe that in more
detail later on.
T, can be calculated by using the following equation:

In(I, —I) = In 21, — Ti (2.36)
1

where I is the initial intensity of the signal at t= 7, and I, is the limiting value of I
for a very long interval (t = 00). When M, = O thus t =7,,;,=T;In2 . Therefore, T;
for all peaks in the spectrum equals:

T
T, = lrfl“;l = 1.4437 (2.37)
In general, the nuclear magnetization recovery for I > 1 is a multiexponential func-
tion given by [8]:

My, —m(t) :Zaiexp($) (2.38)

mOO i 1

when J7, > 7, assuming magnetic relaxation only, the coefficients (a; and b;) for
the magnetization recovery function are (b, = 1,b, = 3,b; = 6) and a’s for central
transition ( - 5 <> 3) are (a; =0.1,a, =0,a; = 0.9) :

1 m(t) — 0.1e~(t/T) 4 0.9¢=6(¢/T1) (2.39)
Mo

and for satellite transitions ( :I:%<—>:|:%) a;s are (a; =0.1,a, =0.5,a; = 0.4)

1= 16-0m) 4 0,520/ 1 60/ (2.40)
mOO

Korringa Relation

In isotropic materials only the contact-term survives, since all other terms average
out to zero. Under this approximation, the Korringa relation can be derived:
r?
— =S, =const. (2.41)

2
B YN

K2T,T =
1
4

where 7, is the electron gyromagnetic ratio ( 2.8024 x 10* MHz/T ), yy is the nu-
clear gyromagnetic ratio (i.e., "'Ga equal 13.0207 MHz/T) and k; is the Boltzmann
constant. The Korringa ratio can be defined as a = S,/(K2T,T) which is deter-
mined by a different sources, such as electron-electron interactions, and exchange
enhancement[25]. Measuring a allows for a consistency check of the model:

* a =1, reflects the behavior of a Fermi gas (normal metal without any correla-
tions).

* a < 1, The observed system has tendency towards antiferromagnetic correla-
tions at g # 0.
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* a > 1, The observed system has tendency towards ferromagnetic correlations
atd =0.

However, we have to be careful when doing a quantitative interpretation based on the
value of a. Where it was shown that disorder may enhance a [25]. For paramagnetic
isotropic metals:
1

—— = constant (2.42)

T,T
When dealing with non-isotropic or nonmetallic materials, deviations from this law
are expected.

2.3.2 Spin-spin relaxation time T,

This phenomenon is associated with the spontaneous entropy increase and is
responsible for the decay of the transverse component of the magnetization. It is
caused by the presence of longitudinal local fields, that produce slight variations
in the magnitude of the longitudinal component of the magnetic field experienced
by each individual nucleus. These cause the individual nuclei to precess at slightly
different rates, causing the macroscopic transverse magnetization to vanish after a
determined lapse of time. These longitudinal local fields arise mainly from other
spins of the same nuclear species, so that this relaxation process is called also spin-
spin relaxation. The characteristic time constant associated with this decay process
is conventionally named T,. In contrast to the longitudinal case, the transverse re-
laxation conserves the (magnetic) energy. We also note that inhomogeneities in the
externally applied magnetic field contribute to the decay of the transverse magne-
tization. However, as we will show in Sec. 3.2.3, the magnetization loss caused by
field inhomogeneities can be recovered by means of a spin-echo sequence since, in
contrast to the local fields, these are constant in time.

To determine T, we solved Eq. 2.32 for M, :

M, = Mye /"
Y (2.43)
T, is determined from the slope of InI vs t,
t
InI :lnIO_F (2.44)

2
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Chapter 3

NMR: experimental aspects

3.1 Experimental methods

3.1.1 Detection of the NMR signal

Nuclear magnetic resonance (NMR) signals detected by the precession of the total
magnetization arising from the electrons, where the total magnetization arising from
the nuclei is negligible. The pulsed- NMR experiment is obtained by the application
RF pulse to our sample by placing it inside a RF coil, in the axis of the coil perpen-
dicular to the applied magnetic field (in the x y-plane) where the fundamental idea
of it is rotating the magnetization onto the transverse plane to detect an AC current,
as has already been explained in Sec. 2.1.3. For the RF pulse we use RLC circuit to
maximize the pick-up AC current as well as to maximize the power transmit to the
nuclear spin system, both being restricted by the mean frequency and the bandwidth
of the circuit resonance.Thus, two variable capacitors are responsible for variation
of the frequency and the width of the coil resonance, depending of the frequency of
the RF pulse used.

RF Pulse Spectr Computer
Generator P

——

Power Dup
Amplifier Bo
Sample
Transmitter side Receiver side

Figure 3.1: Simplified block digram of the main components of a typical NMR ex-
periment. [19]

In the transmitter side of the experiment the low power RF generator feeds the
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spectrometer which switch on and off the wave into a square pulse. By external
power amplifier the pulse is amplified and transmitted to the RF coil. On the receiver
side, by using an amplifier the weak detected AC current is amplified and returned
back to the spectrometer and after that the AC current is processed and displayed
by a computer. A duplexer box prevents the powerful pulse from going back to the
spectrometer, but allows the weak signal to do so. [19]

3.1.2 The probe circuit

The most interesting part of the NMR spectrometer is the probe which has a small
coil held at the top of the probe, used for both the signal detection and for the trans-
mission of the transverse RF pulse. The coil is normally hand- made, by wrapping a
copper wire of 0.3 mm diameter around a cylindrical object with approximately the
same diameter of jelly capsules where the sample inserted in[26].

The coil forms part of a resonant LC-circuit, as shown in Fig. 3.2, there are two
capacitors in LC-circuit also one in parallel with the coil where when changing it
will cause the resonance frequency of the circuit to move (tunning) and the second
one is in series with the coil, when changing in it will affect the impedance value
of the circuit (matching). To maximize pulse power absorption and promote signal
detection we have to tune the circuit at the sample’s resonant frequency (i.e., v =
65.003 MHz for 7'Ga at I=3/2 and 5T). For frequencies in the radio range, i.e., 10
— 150 MHz, capacitors of ~ 100 pF are used in combination with handmade coils of
~ 0.1H.

Rotation
(optional)

maich o

tx/rx
/I,r "] Sample ~
- /Y;I-a ll‘
tune Coil =
i Capacitor

J Capacitor ol
G

M

(@ (b)

Figure 3.2: (a),(b) Schematic of a simple single-frequency probe circuit [26].

3.1.3 Free induction decay

The simplest pulse NMR experiment start by launching one RF pulse to a sam-
ple placed in a uniform magnetic field B in z-direction, to rotate the nuclear spin
magnetization into the xy plane, this transverse magnetization is detected by NMR
experiment, unlike longitudinal magnetization. After 7t/2 pulse with matching fre-
quency, power and duration, where the pulse duration is a period time of switching
on the oscillating magnetic field B; (pulses), a voltage is detected on the receiver
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coil via Faraday induction referred as the free induction decay FID. At the resonance
frequency the signal will decay exponentially which is characterized by the spin-spin
relaxation time constant T, of the sample, as shown in Fig. 3.3. It contains informa-
tion on the environment of the spin.

Figure 3.3: The free induction decay measuring after one single RF pulse. [27]

3.1.4 The spin-echo sequence

The spin echo (Hahn echo) was developed by Erwin Hahn in 1950, to resolve the
problem of fast decaying FID’s, where it is difficult to observe the initial part of the FID
due to the dead time which is the finite recovery time of the receiver. The spin echo
sequence is used to eliminate the dephasing of the precessing magnetic moment.
In the following, we describe a m/2 — T — w — 7T acquire pulse sequence proposed
by Carr-Purcell method, as shown in Fig.(3.4). The first /2 pulse(frequency f,
duration D1, amplitude A) produces a rotating nuclear magnetization on the xy
plane which the coherence of its magnetic moments loses with time 7 as in the FID.
A 1 pulse (frequency f, duration D2, amplitude A) is applied after a spacing time T,
which produce an inversion of the spins. All the spins will refocus at time 7 after the
7 pulse form the spin echo.

Spin Echo

ﬂ : A
2 FID

A

o

Figure 3.4: Spin-echo pulse sequence, where show the time evolution of nuclear
magnetism and also demonstration of the applied pulses and the detected signals.
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3.2 Experimental procedures

3.2.1 Line-shape measurements

The line-shape measurement or line acquisition consists in acquiring a signal by
averaging over multiple scans, and when a satisfactory signal-to-noise ratio has been
reached, the measurement can be interrupted and the data are digitally saved in a
computer memory. The last are then imported in a software for numerical calcula-
tions, which allows to carry out a discrete Fourier transformation. The so obtained
values represent the NMR line and can be subsequently saved and plotted.

It is important, for this kind of measurements, to set a long enough relaxation
delay between successive scans. This delay allows the magnetization to reach its
equilibrium value after the spin-echo pulse sequence, thus increasing the signal in-
tensity of the subsequent scan. This increases the signal-to-noise ratio and allows to
reduce the number of necessary scans.

The RF pulse has a specific frequency band associated with its finite length. In
some cases, however, the natural width of the NMR line may be larger than the pulse
bandwidth. In these cases, it is necessary to perform a frequency-sweep experiment,
in which line acquisitions centered at different frequencies are performed succes-
sively, so as to cover the whole frequency range. The different acquisitions are then
summed up, in order to obtain the complete NMR line.

3.2.2 Spin- lattice relaxation rate measurement

In our experiments the technique that are used to measure the spin-lattice relax-
ation time T, with spin echoes is the inversion recovery method, as pictured in Fig.
3.5(a), consists in applying a 7 pulse to the sample in order to invert the magne-
tization to the—z axis. After delay time 7, one performs a spin-echo sequence and
measures the intensity of the acquired line, which is proportional to the magnetiza-
tion value. The data are then fitted according to an exponential law of the central
transition recovery curve for the magnetic contribution for I = 3/2 as Eq 2.39.

There is, however, another method that allows to measure T; in a shorter time
with respect to the time needed by using inversion recovery. This is called saturation
recovery and consists of two sets of pulses: the initial pulse is the saturation pulse
which is a /2 pulse, this pulse knocks the spins down on the xy plane. By wait-
ing for a certain delay time 7, some of the longitudinal magnetization M, will have
started to partially relax back to its equilibrium value. The strength of the signal that
will be detected by spin echo sequence proportion to this partial magnetization. For
a particular delay time, the magnitude of the NMR signal is detected by a ©/2— 1
spin-echo pulse sequence. In Fig 3.5(b) show the spin-echo intensity versus delay
time where the constant of the exponential growth is T; as explained in Eq. 2.41.
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3.2. Experimental procedures
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Figure 3.5: (a) Inversion recovery pulse sequence. (b) Saturation recovery pulse

sequence. [28]

3.2.3 Spin- spin relaxation rate measurement

The spin echo technique is an efficient and easy way to measure the spin-spin
relaxation time T,, as shown in Fig. 3.6. Thus, T2 is acquired by applying a succession
of /2 — 7 — m — 7 acquire spin echo pulse sequence using a range of values of the
delay time 7. After the 7t/2 knocks the magnetization down on the xy plane, the
transverse magnetization start fanning out and lose their coherence as the delay time
increases and after that the 7 pulse flips the spins where they refocus giving a spin
echo signal. The transverse magnetization decays will increase as the delay time
increases. The data are then fitted according to Eq. 2.43.
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Figure 3.6: Measurement of spin-spin relaxation time T, by echo decay sequence.
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3.3 Experimental techniques

We report on Ga nuclear magnetic resonance NMR measurements on the new
heavy-electron compounds Ce,La;_,NiGa, series over a wide temperature range,
from 100 mK up to 300 K. where all attention have focused on the 7*Ga nucleus in
all samples which has nuclear spin I = 3/2 with Larmor frequency in our applied
magnetic field (5.0072T) equals 65.003 MHz. We have received all the samples in
form of powder.

The NMR measurements included line-shape, spin-lattics relaxation time T; and
spin-spin relaxation time T, data. The experiments on these powders were performed
sealing the sample in Teflon (PTFE) tubes fixed inside the RF coil. The NMR signals
were monitored by means of standard spin-echo sequences, consisting in 7t/2 and 7
pulses. For our samples, we have chosen a 7t/2 pulse of 3 to 4 us duration time, with
the recycle delays ranging from 2 s to 50 ms, depending on the temperature ranging
from between 0.1 and 300K. The spin-lattice relaxation times T; were measured
with the inversion recovery method, that were discussed in sec. 3.2.2, using a 7w —
7/2 — 1 pulse sequence. The "'Ga NMR spectra were obtained via the fast Fourier
transformation (FFT) of the echo signal.

3.4 Samples: the RENiGa, compounds

3.4.1 Structure

RENiGa, compounds, where RE is one of the rare-earth elements La and Ce, crys-
tallize in an orthorombic system (space group C m m m). The RE element is located
in a single inequivalent site, while Ga atoms can occupy three different inequivalent
sites Gal, Ga2, and Ga3, with coordinates (0.5 0 0), (0 0 0.5), and (0 y 0.5), respec-
tively. This implies that the crystal electric-field splits the energy levels of the Ce3*
4f -electrons Hund’s rule ground state (J = 5/2) into three doublets. LaNiGa, and
CeNiGa, have similar lattice parameter a,b,c, measured in A°: (4.29 17.83 4.27) and
(4.22 17.59 4.18), respectively. In both LaNiGa, and CeNiGa, the RE exists in the
form of a RE** cation, meanning that the electronic configuration of La®" is simply
[Xe] and of Ce3* is [Xe] 4f1 .

In order to identify the influence of 4f -electrons, NMR measurements were also
made by using LaNiGa, as sample of reference compound and CeNiGa, as sample
under study, as done already on REPd,In, always with RE=La,Ce [29].

3.4.2 Thermodynamic and transport properties

Transport, specific heat and magnetic susceptibility measurements on CeNiGa,
and LaNiGa, compounds have been already comparatively studied in 1995 [30]. It
emerged that LaNiGa, is a centrosymmetric intermetallic and superconductor with T,
= 2K, while CeNiGa, is a heavy-fermion metal exhibiting a maximum Kondo effect at
Tx = 33.9K undergoing an antiferromagnetic (AFM) transition at about Ty= 3.5K.
Above Ty, the temperature dependence of the magnetic susceptibility, y (T), follows a
Curie-Weiss law with a paramagnetic Curie temperature of 6, = -60 K and an effective
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moment U.¢ = 2.64 Uy [30]. Anomalies in the temperature dependence of y(T), of
the specific heat C,(T) and the electrical resistivity p(T) indicate a phase transition
to an antiferramagnetic phase at T = 4K.
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Chapter 4

Results and discussion

4.1 NMR measurements on the RENiGa, compounds

4.1.1 NMR spectra of Ce, ;La, ;NiGa,

In Fig. 4.1 we show one example of the 7' Ga NMR spectrum of Ce, ;La, :NiGa, at
applied magnetic field of 5.0072 T and a temperature of 50 K. The prominent peak
in this figure correspond to the central line 1/2 « -1/2 for the isotop "'Ga . The
sharp lines correspond to NMR resonances of ®>Cu and %*Cu from the NMR coil, the
vertical broken line mark the position of the Larmor frequency for "'Ga, as indicated
in the figure.

1f i | nE
: Ceu.sLaD.sN'Gaz

. Fot T=50K
W 08 [ |
'E' . B=50072T
S Ga
2 06t
5
=
® 041
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02r

% 60 65 70 75
Frequency (MHz)

Figure 4.1: NMR-spectrum of Ce,sLa,;NiGa, at a temperature of 50K and a field
5.0072 TK for a randomly oriented powder, the sharp lines correspond to NMR reso-
nances of ®>*Cu and ®*Cu from the NMR coil, the vertical broken line mark the position
of the Larmor frequency for 'Ga.
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4.1.2 Line-shape evolution

Figures 4.2 display the evolution with cerium content x of the height-normalized
"LGa NMR line shapes in Ce,La,  NiGa, at two different temperature 10K (< T)
and 50K (> Ty) in magnetic field (5.0072T). The position of the observed peaks
are shifted and NMR lines broaden upon increasing the substitutional La-for-Ce level
atom in the samples for both temperatures. Figures 4.3 and 4.4 resume the outcome
of the analysis performed on the line-shapes: the frequency shifts plotted vs. the
substitutional La-for-Ce level in the sample (Fig. 4.3) and the line-width plotted vs.
the substitutional La-for-Ce level in the sample (Fig. 4.4). The shifts were measured
by considering the line maxima, while the widths were measured at half height of
the normalized lines.

1 i ' ‘ 1
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Figure 4.2: 7?Ga NMR line shapes in Ce,La;_,NiGa, measured at 10K (a) and 50K
(b), for different values of cerium content x. The vertical broken line mark the
position of the Larmor frequency for *Ga.

From a first sight at Fig. 4.2, one already realizes that the our samples reproduce
many of the features that were discussed in Chap. 2: strong temperature dependent
frequency shifts and broadening of the lines at low temperatures below Kondo tem-
perature. Moreover, strong substitutional La-for-Ce level dependent frequency shifts
and broadening of the lines.

The Knight shift due to the Pauli paramagnetism of the conduction electrons can
be expresses as:

— Yo + Y ref
Y ref

K, 4.1)
where 7, is the Larmor frequency of the 7*Ga nucleus in the applied magnetic field
(65.003 MHz) and y, is the frequency of the peak maxima. In the absence of f-
electrons, when the percent of the Ce equal zero, the Knight shift will express as
Eq. 4.1, where the value of the shift for LaNiGa, at 10K and 50K are close as seen
in Fig. 4.2. In intermetallic compounds having cations (such as Ce*") with shell
incompletely filled of f-electrons, will have an interaction between the conduction
electrons with these f-electrons which affect on the NMR line shift that measured at
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the nuclei of non magnetic ligand ions resulting in

_ & \_ Hys
K=K,(1+ =Ko+ —y (4.2)
4J4C Npug

with

C= 2J52f(gJ — Dy

2

(4.3)
Nyuzg?

where g; is Landé g-factor for the Ce®' cation = 6/7, J is the s-f exchange in-
teraction constant , N, is Avogadro’s number and y; is the f-electron susceptibility
Xt = XceNiGa, — XlaNiGa, ¥ XceNiGa, 1S ODtained from measurments of the magnetic
susceptibilities of both compounds [30].

In Fig. 4.3 we confirm the linear relation between the Knight shift and the sub-
stitutional La-for-Ce level of the samples. The solid line represents a linear fit of the
data. The shift values changing smoothly from about 0 to 2.7 MHz for T = 10K and
from 0 to 0.7 MHz for T = 50K.

T=50K b
T=10K T

Shift(%)

Linear fit

0.2 04 06 08 1

Figure 4.3: The relation between substitutional La-for-Ce level in the sample with
iso shift at 10K and 50 K. The solid lines represent a linear fit of the data.

As shown in Fig. 4.4, both NMR lines at two different temperature broaden
upon increasing in the substitutional La-for-Ce level, with FWHM values changing
smoothly from about 0.5 to 2.5 MHz for T = 10K and from 0.5 to 1.8 MHz for
T =50K.
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Figure 4.4: The relation between substitutional La-for-Ce level in the sample with
FWHM. The solid lines represent a linear fit of the data.
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4.2 Spin-Lattice Relaxation rate T; '

As explained in Sec. 3.2.2 we have measured the spin-lattice relaxation time with
an inversion recovery method and we have then fitted the experimental points. In
the following, we report the results for Ce,La,_,NiGa, series. In Fig. 4.5 we show
an example of the nuclear magnetization recovery m(t) for Ce,sLa,sNiGa, in B=5T
and temperature equal 50K, used to evaluate the spin-lattice relaxation rates. The
solid line represents fit to the data using the parameter function given in Eq. 2.39.

0.8f .

Ceo.sLao.5N'Ga2
0.6f
0.4}

0.2

T=50K

-0.2} , ]
T, = 0.003410.0004 s

Norm. amplitude [arb. units]

-0.4}

-0.6-

107" 107
Delay [s]

Figure 4.5: Nuclear magnetization recovery m(t) for Ce,sLa,sNiGa, at T=50K,
v=65.4 MHz and a field of 5T, The solid line represents fit of the data .

In the case of the spin-lattice relaxation time, we can separate the contribution
of f-electron from the mechanism of the non-interacting conduction electrons, via

the formula,

1 1

T T [1+2N(Ep)C] (4.4)

where T; is the spin-lattice relaxation time of CeNiGa, and T;, is the same for

LaNiGa,, whereas f -electrons play no role and N(E;) is the density of states at the
Fermi energy. In figure 4.6 we show T;'(T) of Ce,La, ,NiGa, series for various
substitutional La-for-Ce level between 0.1 and 300K on linear scale Fig. 4.6 (a) and
logarithmic scale Fig. 4.5 (b). The spin-lattice relaxation rate T, '(T) of LaNiGa,
follows a linear -in-T dependent with the value of (T;T)™* is 0.6 (s K™'), also for
Ce, ,La, sNiGa, it is look similar to LaNiGa,.

A complete understanding of the nuclear spin-lattice relaxation rate in heavy-
electron systems poses a formidable task. We first consider the spin-lattice relaxation
in the paramagnetic phase, for the samples Ce La,_,NiGa, series with x > 0.5 and
in the temperature range T > Ty, T, 1(T) is constant, and 0.330 + 0.01 (s7!) for
CeNiGa,. The values of the Ty and Ty for the samples are given in Table 4.1.

As we know, in paramgnetic state at high temperature limit the susceptibility
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% (T) is well described by a Curie-Weiss law of the form:

C
XM =x+7—5 (4.5)

where y, is the temperature-independent part to the susceptibility, C is the Curie
constant and 6 is the Curie-Weiss temperature. The Knight shift evaluated with the

magnetic susceptibility as shown in Eq. 4.2, the spin-lattice relaxation rate will consist

of two contributions:

1 1 1
= Korringa + 4f (46)
n T T;

For the second term, one finds:

1
—7 &< T y = const. 4.7)
Tl

Table 4.1: Values of the Ty and Ty for Ce,La;_,NiGa, when x > 0.5.

Samples T«[K] Ty[K]

CeoslagsNiGa, 29.3+ 0.6 0.2+0.2
Ceo,La,;NiGa, 33.5+1.2 1.8+0.3
CeNiGa, 33.9+0.8 3.5+0.2
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Figure 4.6: Temperature dependent of T, for Ce,La, ,NiGa, series measured for
different values of cerium content x. The dashed lines are to guide the eye.

Turning to Fig. 4.6, we observe that for Ce,sLa,sNiGa,, when T > Ty T, '(T)
is constant with temperature and equal 0.286 £ 0.008 (s~!), where the magnetic
moment behave like free (paramagnetic moments). In the temperature range T, <
T < Ty, where is the Kondo phase 1, T; ! varies linearly with temperature as well as
the kondo phase 2 is in the temperature range Ty < T < T, as shown in Fig. 4.7
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Figure 4.7: 7'Ga NMR 1/T; relaxation rate vs. T for Ce,sLa, ;NiGa,. Colors refer to
different relaxation regimes. The solid line represents a linear fit of the data.

In Fig. 4.8 we present the result of the spin-lattice relaxation rate T, '(T) mea-
surements for Ce, ;La, 3NiGa, in the temperature range between 100 mK and 300 K.
In the high temperature regime, above Ty we observe that T, ! is constant with tem-
perature and equal 0.285 + 0.012 (s1), in the temperature range Ty < T < Ty the
curve starts growing with a moderate slope that gradually increases until at ~ 5 K
it is drastically augmented. On the lower temperature side of the peak, the curve
decays steeply. In T < Ty regime, T, ' varies linearly with temperature.

SE SIS
0.25} iy I : ]
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£ 0.45 ]
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Figure 4.8: 7'Ga NMR 1/T; relaxation rate vs. T for Ce, ,La, ;NiGa,. Colors refer to
different relaxation regimes. The solid line represents a linear fit of the data.

In Fig. 4.9 we present the result of the spin-lattice relaxation rate T, '(T) mea-
surements for CeNiGa, in the temperature range between 100 mK and 300 K. In the
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high temperature regime, above T, we observe that T; ' is constant with temperature
and equal 0.33 £ 0.01 (s™!), in the temperature range Ty < T < Ty, the curve starts
growing with a moderate slope that gradually increases until at ~ 5 K it is drastically
augmented. On the lower temperature side of the peak. In T/2< T < Ty regime,
T, ' varies linearly with temperature equal 0.14 + 0.03 [s"'K~'] T - 0.20 + 0.09
[s7']. T < Ty/2, T; ' varies linearly with temperature equal 0.018 + 0.001 [s 'K ']

T 1.0+ 0.1[s71].
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Figure 4.9: 7'Ga NMR 1/T; relaxation rate vs. T for CeNiGa,. Colors refer to differ-
ent relaxation regimes. The solid line represents a linear fit of the data.

Figure 4.10 displays the Korringa’s product (T; T)~! as a function of temperature,
for our five samples on logarithmic scales. We had discussed in Sec. 2.3.1 that in
isotropic, paramagnetic materials the former quantity is found to be constant. What
we have found, is that, for LaNiGa,, this quantity is constant, such as Ce, ;La, sNiGa,
below 9.7 K. For Ce, sLa, sNiGa,, above 5.4K, T; " is thermally independent, as well
below 5.4K, T, " varies approximately linearly with temperature.In the same figure,
the functional form of (T, T)*(T) for Ce, ,La, ;NiGa, and CeNiGa, are quite compli-
cated, for Ce, ;La, 5sNiGa, above 3.7K, T, is temperature independent, below 3.7K,
(T, T)! first decreases by an order of magnitude but below 1.9K the Korringa-type
of T dependence of the relaxation rate is observed. In CeNiGa,, above 4.6K, T, lis
temperature independent, below Ty =3.5K, (T, T)™! first decreases by an order of
magnitude but below 1.6 K the Korringa-type of T dependence of the relaxation rate
is observed with (T;T)! one order of magnitude smaller than the corresponding
values for Ce, sLa, sNiGa, and Ce, ;La, ;NiGa,
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Figure 4.10: Temperature dependence of (T,T)~! for Ce,La, ,NiGa, series with x
equal 0, 0.2, 0.5, 0.7 and 1. The solid lines are to guide the eye.

In Fig 4.11 we confirm the relation between substitutional La-for-Ce level of the
samples and temperatures. When the temperature is greater than Ty, a paramag-
netic phyase is observed. In intermediate values of temperature between Ty and Ty,
the system tends to heavy fermion behavior (the Kondo effect is dominant). When
temperature is smaller than Ty, then, the system has an antiferromagnetic ground
state (the RKKY interaction is dominant).
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Figure 4.11: The relation between substitutional La-for-Ce level in the sample with
temperature for Ce,La;_,NiGa, series. The dash lines are to guide the eye, which
divides the three regions of the phase diagram.
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4.2.1 Comments on the Korringa ratio

In our samples belonging to the Ce,La;_,NiGa, series, we find a linear variation
of 1/T,(T) for LaNiGa,, the value of T; T being 1.66 s-:K, by considering the mea-
sured 0.13% Knight shift, therefore, the experimental Korringa constant (see Eq. 4.8)
is 3.03 x 107°®s - K where the theoretical value for all samples is 2.8156 x 107®s-K
(see Eq. 4.9). The Korringa ratio a = 0.926 ~ 1 reflects the behavior of a Fermi gas
(normal metal without correlations). For Ce,,La, sNiGa,, we find a linear variation
of 1/T,(T) when T < 70K, the value of T, T is 1.19 sK, by considering the measured
0.04% Knight shift, therefore, the experimental Korringa constant is 2.2 x 10~ s-K
(see Eq. 4.8). From the relative Korringa ratio a = 12.69 > 1, as well as a for
Ce, sLa, sNiGa, and Ce, ;La, sNiGa, are much grater than 1 (see table 4.2), so maybe
the Korringa model is not suitable in these cases. For CeNiGa, the Korringa ratio a=
0.46 ~ 0.5 indicates that the observed system exhibits anitferromagnetic correla-
tions.

Experimental Korringa constant:

Sexp = 1 TK” (4.8)
Theoretical Korringa value:
So =Hh(y./vc)?/(4mky) = 2.8156 x 107 °s - K (4.9)
Korringa ratio:
@ = So/Sexp (4.10)

Table 4.2: Data show the relation between the Korringa ratio and x.

S 3.0374e-6 2.2175e-7 8.5834e-7 7.6007e-7 6.0784e-6

exp

a 0.92698 12.697 3.2803 3.7044 0.46322
X 0 0.2 0.5 0.7 1

4.3 Spin-Spin relaxation rate T,

We have performed measurements of the spin-spin relaxation rate, T, ! measured
in an applied magnetic field B= 5T at a frequency v=65.4 MHz in the temperature
range between 100 mK and 300K, for Ce,La,_,NiGa, series with x = 0.2, 0.5 and
0.7, as shown in Fig. 4.12. In the high-temperature regime, above Ty, T, ' is constant
with temperature. For temperatures around Ty there is an upturn in all the samples
(epitomized by the loss of coherence),in the low temperature regime.
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Figure 4.12: Temperature dependence of T, ! measured in applied magnetic field
B= 5T at a frequency v=65.4MHz, for Ce,La,_,NiGa, series with x equal 0.2, 0.5
and 0.7. The dashed lines are a guide to the eye.

37



4. Results and discussion 4.3. Spin-Spin relaxation rate T,

38



Chapter 5

Conclusions

In this study we performed NMR measurements on five different compounds be-
longing to the family of Ce,La;_,NiGa, series. The five x-values we chose to inves-
tigate were 0, 0.2, 0.5, 0.7 and 1. As a probing nucleus, we chose " Ga. For each
material, we performed measurements on a powder samples.

The transverse relaxation time of these materials was rather long, so that it al-
lowed us to apply a standard spin-echo sequence, with delays of ~ 100 us. The
measurements were performed in a temperature range going from room tempera-
ture down to below liquid-helium temperature. Under normal conditions our cooling
system allowed us to reach ~ 4K, but occasionally, by means of pumping, we could
reach 2 K.

In particular, we investigated how the shift and the shape of 7'Ga NMR lines
evolve with the substitutional La-for-Ce level. We studied the variations with temper-
ature of the longitudinal relaxation processes of the 7'Ga nuclear magnetization too.
We have shown that the substitutional La-for-Ce level strongly affects the spin-lattice
relaxation rate of Ce,La,_,NiGa, series at x-values = 0.5, 0.7 and 1. In substitution
of La-for-Ce level between 0.5 and 1, and below Ty, the nuclear spin-lattice relax-
ation is only slightly enhanced compared to the corresponding values for LaNiGa,,
similar to what is observed at much higher temperatures.
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