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Introduction and overview

Magnetism is certainly one of the most intriguing subjects in con-
densed matter physics. On one side important applications (such
as storing of information) stimulate the interest of technology, on
the other the strict quantum origins and the many-body character
of microscopic magnetic phenomena are the realm of fundamental
research.

The present work deals with some basic aspects of one-dimen-
stonal Heisenberg quantum spin systems with antiferromagnetic in-
teractions (in the following 1D-HAF’s or HAF chains). Accord-
ing to quantum mechanical description, Heisenberg spins can never
assume, not even at T = 0, a perfect antiparallel configuration,
contrary to what expected from a classical analysis. This prop-
erty becomes more evident as lower is the dimensionality of the
exchange interaction and in 1D-it is so dramatic that AF order is
prevented at any temperature. But. while for half-integer spins the
ground state of the chain is "quasi-long-range ordered” (i.e., the
magnetic correlation spatially decays according to a power law),
integer spin chains are really "cdisordered” (the correlation decays
exponentially), even at T' = 0. Such surprising difference, predicted
by Haldane in 1933 [Haldane 83], is nowadays strongly supported
by numerical calculations and expérimental results. However an
exhaustive description of 1 D-HAF’s, concerning finite temperature
correlations, ¢pin dynamics and doping-induced effects is far from
being ‘available. ’ T

With the aim of clarifying some of the main points of this sub-
ject, 1 have studied the spin-1 compound Y;BaNiOs, by Y NMR
and magnetic susceptibility. Y;BaNiO; contains well separated
chains of corner linked NiOg octahedra. The Ni** (S = 1)-ions lo-
cated in the centers of these octahedra strongly AF-interact along
the chain axis, while coupling between different- chains is almost
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negligible. The marked one-dimensionality, together with the strong
isotropy of the interaction makes of Y,BaNiQs a prototype S =1
1D-HAY. Morcover, #Y nuclei are ideal probes, naturally con-
tained in this nickelate, which allows one to measure by resonance
techniques internal fields and spin fluctuations.

In Y,BaNiOs one can perform heterospin (Mgt (S = 0) —
Ni**) and heterovalent (Ca*t — Y®t) substitutions and investi-
gate the modification in the magnetic properties of the system upon
spin and charge doping. A partial substitution of magnetic ions for
spinless ones is expected to induce, locally, non-zero staggered mo-
ments. By Y NMR spectra the problem has been addressed in
Y,BaNi;_ Mg, Os, looking for experimental evidence of modulated
magnetization around Mg** impurities. The spin dynamics of hole-
dopzd Y,;BaNiOs has been studied through nuclear relaxation. It
is well known that injection of holes in a quasi-bidimensional AF
matrix of Cu®* ions leads to high-T, supcrconductivity. The com-
prehension of this phenomenon still requires clarification of some
important points, among those the motion of the charge-carriers in
the normal phase, where strong local correlations survive. However
the direct approach of the problem in high-T, cuprates is compli-
cated by the fact that one has to deal, simultaneously, with doping-
induced magnetic disorder, holes-itinerancy and tendency to form
Cooper-pair. The study of the dynamics of the holes is more easily
addressed in systems where magnetic disorder occurs independently
on the presence of doped-charge and no pairing effects are observed.

The manuseript is organized in five chapters.

In the first one some basic aspects of quantum magnetism are
recalled. After having analyzed the origin of the exchange inter-
action and the role of dimensionality, the attention is focused on
AF spin chains. The concept of "quantum disorder” is introduced,
starting from the breakdown of the semi-classical spin-wave the-
ory in 1. The Haldane’s conjecture is discussed in the light of
the experimental findings in quasi-1D compounds. The problem of
doping is illustrated in the context of quantum disordered systems.

Nuclear magnetic resonance (NMR) concepts are presented in
Chapter 2, emphasizing the efficiency of this technique in probing
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static and dynamic correlations. [t is shown how the distribution of
local fields revealed by the NMR spectra is connected to the expec-
tation value of the electronic spin and how the nuclear relaxation
rates provide information on the spin dynamics of the system.

In Chapter 3 the results obtained by magnetic susceptibility and
89V NMR in Y;BaNiOs are reported. The value of the Haldane
gap (Ay = [02K), extracted from the temperature behavior of the
NMR shift, is in agreement with the one deduced from inelastic
neutron scattering. The low-energy spin dynamics, probed by %Y
nuclear relaxation, is discussed in terms of multimagnon processes.

An 3Y NMR study of the site-magnetization in Y,BaNiOs do-
ped by non-magnetic impurities (Mg?*) is described in Chapter 4.
A correspondence hetween resolved resonance lines in the 8Y spec-
tra and lattice positions is established, providing an image of the
alternating magnetic moments which develop around the spinless-
ions. The spatial modulation of these anomalous moments is shown
to reflect the spin-spin correlation functions of the infinite chain.
Comparisons with theories, numerical simulations and other exper-
imental results are addressed.

Finally, in Chapter 5, the spin dynamics in hole-doped chain
Y,_,Ca,BaNiO; is studied by Y nuclear relaxation, showing
that low-energy spin fluctnations are induced by the heterovalent
substitution Ca’* — Y?**. A phenomenological picture consistent
with the experimental findings from spin-lattice and spin-spin re-
laxation rates and from magnetic susceptibility is discussed.



Chapter 1

Quantum magnetism and
AF spin chains

Although spontaneous magnetism is one of the most manifest phe-
nomena in condensed matter, a satisfactory explanation of its origin
has been found only after the development of quantum mechanics.
Maxwell electromagnetism in fact, cannot catch the real nature of
magnetic cooperative phenomena, as it is easily proved by compar-
ing the magn'tude of "classical” dipolar interaction between elec-
tron moments (about 107°eV) to the magnetic transition temper-
atures (10?2 — 10°A” in transition metal and rare earth compounds,
corresponding to energies around 1072 — 107'eV). The mechanism
giving rise to magnetisin in matter originates from Coulomb re-
pulsion between electrons and from the requirement of antisym-
metric wavefunctions (Pauli exclusion principle). In this Chapter,
this topic is recalled with direct application to transition metal ox-
ides. In a wide class of such compounds, electron-electron correla-
tion induces isulating behavior and leads to low-energy properties
that can be often described by effective spin-hamiltonians having
a dominant antiferromagnetic (AF) character. The role played by
the dimensiorality of the magnetic interaction is analyzed in order
to emphasize how, in one-dimensional AF systems, peculiar quan-
tum phenomena occur, such as the absence of long-range order at
T = 0 and the dramatic diflerence in the behavior of integer and
half-integer spin chains. Theoretical predictions and experimental
findings obtained in quasi-1D S = 1 compounds are discussed and
the effects of doping is briefly addressed.



1.1 Transition metal oxides: from correlated elec-
trons to a spin-only hamiltonian

Transition metal oxides (TMO’s) have been object, in the last
decades, of a great deal of interest, particularly because hole-doping
of some of these compounds leads to high-T. superconductivity
[Bednorz 86]. On the other hand, the intrinsic electronic properties
of TMO’s are, themselves, a very rich field, in which many puzzling
magnetic phenomena find their origin.

The key role in the physics of TMO’s is played by the on-site
Coulomb interaction, which is not negligible for 3d electrons, and
which can even drive them to behaviors very different from the
one expected in the framework of Bloch band theory (based on
one-clectron approximation). The effects of electron-electron cor-
relation will be illustrated by first referring to NiQ. Besides being
a prototype of TM-salt, NiO is also the "maguetic ingredient” of
many 5 = 1 compounds. A preliminary description of its basic
properties will be useful for the analysis of the phenomena occur-
ring in the chains studied in the present work.

In the ionic model picture NiO is written Ni2*Q?~, with nickel-

Ab level
7z I4 €vels
/T ' (dxl-.v“df)
isolated crystal-field splitting
3dorbital "\ |
|
AL tr, levels
ITTvww (d,.d,,d,)

Figure 1.1: Energy levels and spin states for a 3d® ion in a cubic crys-
talline field.
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ion in the configuration (Ar)3d® and oxygen in the 15?2s?2p® one.
The large overlap between 2p oxygen wavefunctions generates a
broad 2p— band, which does not contribute to the electric conduction
because it is filled. As a consequence of the cubic symmetry of the
crystal field, the Ni 3d-orbitals are split in two groups of levels: the
one with lower energy has t,, symmetry and arranges six-electrons,
whlle two-electrons occupy the e,-orbitals at higher energy (Flg
1) Accordmg to Hund’s rule fhese last two electrons have aligned
splm and Ni** isa § =1 nmgnetxc ion. The band generated by
the e,-orbitals is ha]f filled and in a simple one-electron theory, NiO
should be a metal, while actually it behaves as a good insulator.

The breakdown of the one-electron approximation is due to the
fact that intra-atomic Coulomb repulsion Uy between the Ni-3d
electrons is stronger than their delocalization energy (3d band-
width), thus suppressing the char ge fluctuations occurring in metals
[Motf 49, Hubbard 64] . Actually, in NiO as in others TMO’s |, Uyq
is even bigger than the energy A required to transfer one electron
from the ligand to the transition metal (Fig. 1.2). The conduc-
tion phenomena are thus controlled by an energy gap ~ A and the
compounds classified as charge-transfer insulator.

a) din djn+l p6-1

n-1 yntl
drt d,

4" d"

Figure 1.2: Energy level diagram showing the ground state and the
lowest lying excitations for: a) Mott-Hubbard insulators; b) charge-
transfer insulators [Zaanen 85, Sawatzky 90]. Uy represents the.energy
required to move one d-electron from the site 1 to the site j; while A is the
energy needed to transfer one electron from an oxygen ion (p® — p®-1)
to the site j.



Suppression of charge fluctuations is the base for a descrip-
tion of the low-energy properties of magnetic insulator in terms
of spin-only hamiltonians. This aspect was first addressed by An-
derson [Anderson 59], for the case Uy << A (Mott-Hubbard in-
sulators). He observed that whenever the Coulomb on-site repul-
sion (/44 predominates, preventing metallic conduction, the opposite
tendeucy of the electrons to delocalize causes an effective antiferro-
magnetic interaction. Antiparallel electrons can in fact gain energy
by spreading into non-orthogonal overlapping orbitals, where par-
allel electrons can not. In perturbation theory this corresponds to
an effective transfer interaction b connecting virtual excitations of
the kind d"d* — d"*'d"~! (at an energy Uzs above the ground
state) to the ground-state wavefunction, leading to an exchange
coupling between spins on the TM ions (superexchange), of magni-
tude J = 2b*/U. Zaanen and Sawatzky [Zaanen 87| have extended
Anderson’s theory to include charge-transfer insulator (Usg > A),
obtaining for the superexchange coupling constant

/11
= — +—) . :
J =9 <Udd +A) (1.1)

Anderson also pointed out that the most efficient superexchange
path involves the anion between two TM ions [Anderson 63]. The
transfer energy b is thus proportional to the TM-O-TM orbitals-
overlapping and turns out to be maximum for TM-O-TM angles
close to 7. Away from this condition other effects become important
in driving the magnetic behavior of TMQO’s [Mott], first of all direct
(ferromagnetic) exchange between electrons on neighbor ions (i.e.
inter-site Coulomb repulsion). Moreover, an effective ferromagnetic
interaction can also occur in those situations where the highest
occupied 3d-band is completely filled. In such a kind of electronic
configuration in fact, allowed by a break-down of the Hund’s rule
due to crystal field, the virtual hopping between adjacent sites takes
place in empty orbitals and is thus favored if the spins involved are
aligned [Anderson 59].

This introductory overview on TMO’s can be summarized by
saying that each time the Coulomb repulsion between electrons
dominates on the delocalization energy, the low-energy dynamics
of the system can be described in terms of a magnetic hamilto-
nian. Depending on the particular compound, the character of the
magnetic interactions can be ferromagnetic or antiferromagnetic.
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Quantitative comparison between the above mentioned exchange
mechanisms [Anderson 59] shows that antiferromagnetism usually
dominates. Actually only a few insulating TMO’s are ferromag-
netic.

1.2 Magnetic hamiltonians

As recalled in the previous Section, a suitable basis to derive the
main properties of magnetic systems is the Heisenberg exchange
hamiltonian

H=3JsS - 5 (1.2)
]

where S; and S; are quantum spins, namely
[Sa Sv/3] — Z‘(.a/iw[@"*/ Sv') — ,_Q(S + 1) ; (]3)

localized at the sites i, j. The coupling constant .J;; keeps track of
the details of the electronic problem, and can describe ferromag-
netic (J;; < 0) or antiferromagnetic (J;; > 0) interactions.

- Since exchange interaction requires spatial overlapping of the
atomic wavefunctions, Eq. (1.2) is usually dominated by nearest-
neighbor (nn) terms, thus reducing to the form

He=J Y S-S (1.4)

<>
where < 7,5 > indicates a pair of nn sites on some regular, d-
dimensional lattice. The Heisenberg hamiltonian (1.4) is SO(3)-

invariant. and hence commutes with the total spin $? = (¥, .5;)?

and with its z-component 8% = 3. §7 [Kittel]. The eigenvalues of
S§* and S§7 are thus good quanturmn numbers for the cigenstates of
Her.

A description given only in terms of exchange hamiltonians of
the type (1.2) and (1.4) disregards the role played by the orbital
moment through the spin-orbit coupling. This effect is usually small
for TMQO’s and can be taken into account perturbatively, by adding
to Her one or more single-ion anisotropy .terms of the form

Hyy = DS (1.5)
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When the magnetic anisotropy is uniazial (Hp = D ¥;(57)?), the
symmetry of the total interaction ‘H. = He, + Hp is lowered to
SO(2) and the degeneracy between spin-multiplets typical of SO(3)-
invariant systems partially removed.

1.3 Correlation, order and dimensionality

Despite its simple appearance, the magnetic hamiltonian (1.4) can
hardly be solved to obtain eigenstates and eigenvalues. Exact calcu-
lations have heen successfully performed only in a few cases. Due to
the many-body character of the exchange interaction, even pertur-
bative approaches are often inefficient. However, a certain number
of general rigorous results are available, which define the bounds
of the phenomenology described by the (1.4). In particular, a neat
picture of the different regions of the space (J, T, d, S) in which
magnetic order can/cannot occur can be given.

In general, the order properties of a macroscopic magnetic sys-
tem (H,.) are classified on the base of the pair correlation function

L 1 TV
(8i-55) = lim —=Trle 778 5, (1.6)

where A is the number of sites, Kz the Boltzman constant and

_He_
Z="Tr (f‘: f"HT). One has long range order when

lim (S;-§)#0 (1.7)

|Z~Zj|—oc

(with |&; — Z;| = distance between sites : and j). When instead the
correlations decay as a power law at long distance,

-

lim (S-S o |2 — 37, (1.8)

|.’E,‘—.’Ej|—)oo

the system is said to be quas: long-range ordered. Finally the term
disordered is used to indicate exponential decay of the correlation,

namely
- _ Iil —5)'|

lim (5 S)oxce T, (1.9)

],i",—;c'] =00

with € correlation length.
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It can be shown [Auerbach] that the occurrence of quasi long
range order implies spontancously symmetry breaking in correspon-
dence to a given wave vector ¢, i.e. a finite, §~modulated, magne-
tization even when the external ordering field H is taken to zero.
Formally

lim Ll (S2) = lim lim —I—~Tr[e_%ﬁ%ﬁ'f] # 0 (1.10)
Ho0t Naoo' 97 7 Hoot Noeo N2y K '
with S = ¥, 457 and Hy = He — (vhHS?). In Eq. (1.10)

the partition function is calculated in presence of field, 1.e. Zy =
H

Trle” ®n7],

The occurrence of long range order in systems described by the
isotropic Heisenberg hamiltonian (1.4) is prevented at any finite
temperature when d < 2 [Mermin 66]. This theorem, which follows
the same approach used to prove the absence of superfluidity in one
and two dimension [Hoenberg], actually holds for all the models
with at least cne continuous symmetry and short range interaction.
The hamiltonian (1.4) belongs to this class and thus the correspon-
dent systems can undergo a finite-temperature phase transition to
an ordered state only in the 3D-case.

Mermin and Wagner's theorem does not apply at T' = 0, so that
one could have in principle a long range ordered ground state even
for d < 2. This is actually the case for 1D and 2D ferromagnets,
since the fully ferromagnetic state

|\y]:';u> = H S,q.Si> = IS,S, ....... 9,....> (111)

(Fig. 1.3 a)) belongs to the ground state multiplet of the Heisenberg
hamiltonian with J < 0. The proof of this statement consists in
showing that [Wpas) is an eigenstate and that it has the lowest
encrgy. By rewriting the hamiltonian (1.4) in terms of raising and
lowering spin operat.or S* = 8% 4 9.

Hep = J Z (SHST + S7SH) + 8287, (1.12)

<t,0>
1it’s easy to verify that

JNs(s+1 _
Heo|Vpp) = _g‘_)|\I’FM> (1.13)



with
(ﬁi - S;), one also proves that |Wgra) is associated to the lowest
eigenvalue of H,,.

= number of nearest neighbors. Then, since s(s + 1) >

L

<

a) b)

....... T T?TT Tl?lT

Figure 1.3: Schematic representations of: a) fully ferromagnetic state
Uy =TI, |, 8i); b) classical Néel configuration Uy = T1; [si, (—1)*s:).

The case of the antiferromagnets is quite different, since the
classical Néel configuration

Uy =]

1

siv(—1)'8i) = [8, =8, e Sy —8.0uu) (1.14)

(Fig. 1.3 b)) is not an eigenstate of the Heisenberg hamiltonian
with J > 0. The spin flip terms S; S in the first part of the (1.4)
connect in fact Wy to different spin configurations. Thus, in the
quantum HAF, the "ordered” moment (S?) is always less than the
classical value s. Nevertheless for d = 2 and d = 3 the reduction of
(S7) is finite at T = 0 (actually for d = 3 even at T' # 0) and can
be calculated by different techniques [Auerbach]. Instead, a more
exotic behavior characterizes 1 D-HAF systems, as discussed in the
next Section.

1.4 Antiferromagnetic spin chains

The attention is now focused on the system described by the hamil-
tonian (1.4) for J > 0 and d = 1, in other words to the HAF spin
chain. 1t is curious to observe how this apparently simple subject
(which for S = 1/2 has a remarkable exact solution going back to
1931 [Bethe 31]) is still today a lively field of research. The main
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reason lies in the absence of spontaneously symmetry breaking in
the ground state (quantum disorder), which makes each type of
spin-wave-like approach [Anderson 52, Kubo 52, Mattis] unappro-
priated.

1.4.1 Quantum disorder

The usual way to derive the low-energy properties of the HAF’s
begins with the assumption that the ground state is given by ¥y
plus quantum fluctuations. This corresponds a picture of zero point
motion about the classical Néel configuration (1.14), due to the
action of the terms S;7.S7. We will see how the assumption of small
fluctnations breaks down in one dimension.

The conventional approach makes use of the Holstein-Primakov
transformation [Holstein 40]. The system is divided in two sublat-
tices "A” and "B”, with adjacent sites on separate sublattices. On
"A” one defines

St = (\/‘23 — ala ) a; (1.15)

5;:<¢Z_Mi>m (1.16)

o+ _ gt D s
si_@( b—@@),
with ¢ and b bosonic operators with commutation relations

[af.a] = [b,bY] =1, [a,a] = [b,b] = 0. (1.17)

Eq. (1.15) and (1.16) preserve the correct spin commutation rules
and the constraint given by Eq.’s (1.3). The Holstein-Primakov’s

17



is an exact transformation and by itself can not simplify the terms
of the problem. The usual approximation consists in perturb away
from: the limit s — oo, where quantum spins become classical and
WUy is the exact gmund state. By expanding Eq.’s (1.15) and (1.16)
to the lowest order and introducing Fourier representation for the
bosenic operators.

l i
0 = % Z e*%o; (0; = a,al b bl), (1.18)

the Heiseuberg hamiltonian takes the form
. : (1 t
Heo = J52 3 yilagd_g + ald' .+ 1) + (akap +blbg)  (1.19)
k

where v = Yz ¢ 7 | = is the number of nearest neighbours and 7 is
the translational vectors to the neighbouring sites. The Bogoliubov
transformation

cp = ugap — vgh (1.20)
dp = upb_p vkaz (1.21)
with the normalization constraint
jul* — o> =1 (1.22)
and the condition
Y(lul® + [o]*) + 2lullv] = 1 (1.23)

diagonalyze Eq. (1.19), which takes the form of a non-interacting
bosonic hamiltonian:

Her = —2NzJs(s+ 1) +]~:*'z,/ cc +d .dp +l) (1.24)

The excmmons created by ¢ and d are known as spin-waves. For

tc; =d! dz = 0 one has the zero-point energy of the HAF (in the

semi- (laSslcal limit § — oco):
Eo = —2NzJs(s+ 1) + Jszd_ /1 -7, (1.25)
s

18



The departure of the T = 0 sublattice magnetization (S7,,) =
Siea(S?) from the value Ns (correspondmor to the Néel config-
uration) can be evaluated by using the inverses of the (1.20) and
(1.21), obtaining [Kittel]

: 1 1
(S5a) = Ns = (afag) = Ns (1 N T 1) :
(1.26)

P
The reduction in (57, 4) due to quantum fluctuations, in spin-waves
approximation, turns out

1 1
A(SfotA> = N‘Q - <StzotA> =3 (Z T 1) : (1‘27)
2 z /1 — 71%

Ther, in the continuous limit (3 Y — @ f dk) the ground state

expectation value of the local spin opelatOI S differs from the
classical value s (or —s) by a factor

1 fo 1
sy=- L faR (- 1) (e
AST) = = 5aye | (ﬂ ) (1.28)

As anticipated, for d > 2 the reduction in the magnetization
given by (1.28) is finite and the ground state is ordered. For d=1
Eq. (1.28) implies a non-physical divergence due to long-wavelength
quantum fluctuations, that clearly points out the failure of standard
spin-wave theory and the absence of long-range order in the ground
state ("quanturn disorder”). It can be shown [Auerbach] that the
breakdown of the picture of a Néel-like ground state in the 1D quan-
tum model arises from the Mermin and Wagner theorem applied to
the correspondent classical model in 141 dimensions at finite tem-
perature. Thus, in order to describe the low energy properties of
the HAF spin chains, ad hoc approaches must be developed.

1.4.2 Half-integer spins and integer spins: from Bethe
ansatz to Haldane conjecture

On the basis of what recalled in the previous Section, two situations

can be expected for the ground state of the HAF chain:
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a) quasi long-range order, i.e. correlation function of the form

(1.8);
b) disorder, i.e. correlation function decaying as in Eq. (1.9).

The ground state of the S = 1/2 chain has been exactly calcu-
lated by Bethe [Bethe 31] and shown to be quasi long range ordered.
Later on Lieb. Schultz and Mattis rigorously proved that condition
a) applies in general to any half-integer (S = 1/2,5 = 3/2,...... )
spin chain [Lieb 61]. Therefore it seemed quite natural to expect
that the same correlation function (1.8) could describe all the 1D-
HAT’s at T = 0.

In 1983 however, Haldane conjectured that a finite gap occurs
in the excitation spectrum of the integer spin chains and that the
ground state is, in this case, disordered. Haldane original argument
(reviewed in [Affleck §9. Affleck 90b, Auerbach, Fradkin]) is based
on mapping the quantum, d-dimensional, HAF onto the Nonlinear
Stgma Modelin (d+1) dimensions, a field theory well known in par-
ticle physics and statistical mechanics [Zinn-Justin]. Although such
approach turned out not fully rigorous for small values of the spins,
the Haldane prediction has been subsequently confirmed by other
theoretical analysis [Affleck 87, Gémez 89, Kennedy 92], numerical
simulations [Takahashi 88, Takahashi 89, White 92, White 93] and
experiments in spin-1 compounds (see section 1.4.3).

IFrom the theoretical point of view, a crucial argument support-
ing Haldane idea comes from the exact solvable model, known as
"AKLT”, proposed by Affleck, Kennedy, Lieb and Tasaki [Affleck 87].

Ford =1 and S =1, the AKLT hamiltonian is written
Harrr = Y [Si - Sip1 + E(S,- - Siv1)?] (1.29)

If each S =1 spin is viewed as two S = 1/2 spins in the symmetric
triplet state, the ground state |Yyps) of Haxrr corresponds to
combine into a singlet each of the two S = 1/2 spins at one site
with one 5 = 1/2 on the adjacent sites’. When periodic boundary
conditions are imposed, |y ps) is a non-degenerate singlet, with
exponentially decaying magnetic corrvelations (4xrr =~ 0.9) and
a gap Aanpr =~ 0.3J to the first excited state. The hamiltonian

'The analytical definition of the valence bond solid state |y ps) and the prove
that it is the ground state of the hamiltonian (1.29) is given in [Affleck 87].
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(1.29) can be generalized to include a variable weight 8 to the
biquadratic term

Hp = Z[S", - Sip _,B(gi : ‘§i+1)2] - (1.30)

In the range —1 <B<1 (which includes either the Heisenberg (8 = 0)
and the AKLT (8 = —1/3) models), the ground state of Hg de-
scribes a unique quantum phase [Kennedy 92]. In this sense [Yvgs)
is considered a suitable qualitative picture of the S = 1 HAF chain
ground state.

1.4.3 Experimental evidences of a quantum spin gap in
S =1 compounds

The opening of a gap in the magnetic excitation spectrum can be
experimentally detected by Inelastic Neutron Scattering (INS) and
by Nuclear Magnetic Resonance (NMR).

The first evidences of the occurrence of agap in S = 1 HAF com-
pounds (that could not be simply ascribed to magnetic anisotropy)
were found in CsNiCly [Ruyers 86]. However CsNiCls is far from
being the best candidate for a clear experimental test of Haldane
theory, since the relatively large interchain/intrachain coupling ra-
tio (|J'/J| ~ 107?), induces long range order at T' = 4.85K.

A better one-dimensional behavior characterizes the compound
Ni(CyHgN3),NOy(CIOQy), usually abbreviated as NENP, in which
|/'/J| = 10~* [Renard 87, Regnault 94], and no long range order
has been observed at any temperature INS in NENP [Renard 87,
Renard 88, Regnault 94, Regnault 95] revealed the occurrence, at
momentum g ~ 7, of three gapped excitations, at energy A; = 12K
and Ay = 14K and Az = 29K. One one side these experimental
findings support the Haldane conjecture. At the same time they
point out the strong anisotropy in the magnetic hamiltonian of
NENP, thus preventing a quantitative comparison with the theo-
retical predictions for the "pure” Heisenberg model (1.4).

More isotropic 1D S = 1 compounds, such as AgVP3Se and
Y,BaNiOs;, have been recently synthesized. The latter nickelate
in particular, in view of the strong one- dxmensionality of the spin-
coupling and of the weak anisotropy, is believed to be a nearly
ideal Heisenberg chain with AF interactions. The gapped, almost-
degenerate excitations observed in Y,BaNiOs (see Chapter 3) seals
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the validity of the mentioned theories for integer-spin HAF chains.
Furthermore, in Y,BaNiOs one can performe non-magnetic substi-
tutions of magnetic ions and/or charge injectious, and to approach
experimentally the problem mentioned in the next Section, namely
the ssue of doped spin liquids.

1.5 Spin liquids and doping

The term "spin liquid” is often used to designate systems that, be-
cause of quantum fluctuations, preserve rotational invariance in the
ground state in spite of the strong magnetic interactions. However,
since there is no rigorous definition of this locution, it may have, for
different authors, different meanings (sce for instance [Emery 97]).
Here will be called "spin liquids” those systems having a gap be-
tween the non-degenerate ground state and the first excited level,
and therefore exponentially decaying magnetic correlation at T' = 0.
The HAF spin-1 chain belongs to this class, as well as the even-
leg spin-1/2 ladder and the dimerized spin-1/2 chain. Even if the
hamiltonians describing these systems are different, the low-energy
magnetic properties turn out to be very similar, since they are dom-
inated by the singlet-triplet gap.

Exotic behaviors are expected when a spin liquid is doped by
localized spinless impurities or by mobile holes.

Let us illustrate the effect of non-magnetic substitutions by
first referring to CuGeQj;, a compound which, for the richness
of its phase diagram, is probably the most studied 1D AF (see
[Fabrizio 99] and references therein). As a consequence of the dimer-
ization taking place at Tsp =~ 14K, the ground state of undoped
CuGeOs is disordered. This is clearly evidenced by the expo-
nential decrease of the uniform spin susceptibility for 7' — 0.
When a small fraction of Cu?* (S = 1/2) is substituted by non-
magnetic (S = 0) ions (Zn**, Mg?*), the low-temperature suscep-
tibility .is strongly enhanced and a second transition is detected
at Ty < Tsp. The phase occurring below Ty is identified as
a Néel-like state. Analogous order phenomena driven by spin-
vacancies have been recently observed in the spin-1/2 two-leg lad-
der compound Sr(Cu;_,7Zn, )03 [Azuma 97] and in the S = 1 chain
Pb(Ni;_,Ng;),V,0s [Uchiyama 99], confirming the striking predic-
tion by Shender and Kivelson [Shender 91] that, in gapped systems,

22



quenched disorder in form of dilution can induce order in form of a
broken symmetry phase. This is in contrast with what happens in
3D AF’s, where dilution leads to a reduction of the ordered phase
[Feng 92, Corti 97].

The temperature Ty at which the order-transition takes place
in the doped spin liquids is proportional to the interchain coupling
coustant J' [Shender 91, Fabrizio 99]. CuGeO3 and Pb(Ni,_;Ng.)2-
V,0g, which are rather poor one-dimensional systems (|J'/J| =
1072 = 107'), undergo the transition at a temperature as low as a
few Kelvin. So, in highly 1) compounds (like Y,BaNiOs) the Néel
phase, if any. should be restricted to much lower temperatures.
However, according to several authors [Fukuyama 96, Fabrizio 97,
Laukamp 98|, the "magnetic objects” giving rise to the enhance-
ment of AF correlations already exist in absence of any 3 D-coupling,
and are identified as localized moments induced in the chain by the
impurities. In Chapter 4 it will be shown that such ”objects” can
be imaged by Y NMR in Y,BaNi;_,Mg,Os.

Another important issue is the effect of hole-doping in spin lig-
wids, particularly in view of the possible connections with high-T.
superconductivity. Theoretical studies have predicted that the spin
gap survives in presence of holes and that the spin-gapped phase is
favorable to superconductivity [Dagotto 92, Fabrizio 93]. Actually,
there are several experimental indications of gapped-like behavior
in underdoped high-T, cuprates (for a review see [Rigamonti 98]),
but the subject is still controversial. Hence, it should be useful
to study first how hole-doping affects the spin dynamics of a well-
established gapped system. This will be the goal of the #Y NMR
study of Ca-doped Y,BaNiOs, described in Chapter 5.
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Chapter 2

Probing magnetic
correlations by NMR

Nuclear magnetic resonance (NMR) is a powerful technique to in-
vestigate static magnetic correlation and low-energy spin dynamics
in condensed matter. Through electron-nucleus hyperfine interac-
tion the expectation value of the electron spin affects the nuclear
resonance frequency, while the spin fluctuations induce transitions
between different nuclear levels. Thus, from the distribution of
NMR frequencies and from nuclear relaxation rates, information on
the static and dynamic spin-spin correlation function of the elec-
tron system are obtained. In this chapter, after having recalled
the hyperfine interaction hamiltonian in a form appropriate to the
cases discussed later on, the relationship between NMR quantities
and electron magnetic properties are discussed.



2.1 Hyperfine interactions in solids: basic as-

pects
For an isolated nuclear magnetic moment i = 771] in a magnetic
field Ho, the interaction hamiltonian Hz = — HO has eigenval-
wes E,, = —vyhHom, with m = —I,—I + l, ........ I—1,I. As a

consequence, a system of non-interacting nuclear spins can absorb
photons with circular polarization in the x — y plane and angular
frequency wo = E,41 — En = v Ho.

For a nucleus (j) in a solid, the relevant hamiltonian can be
written at least as sum of the three terms.

H(y) = Hz + HonlJ) + Haue () (2.1)
where

th [1—‘ -3 (’L"L{%L’J)] . (22)
k

ik Tk

(with k running over all the nuclei and 7, connecting two different
sites) is the dipole-dipole nuclear hamiltonian and

Z I A (2.3)

describes the electron-nucleus interaction. The hyperfine tensor Aj;
is given by a classical dipolar term plus a contact scalar one (A’;),
1.e.

A_})ﬂ = —vv.h? {(A;i + _13_) bt — 717;’2751] (2.4)
Jt 71

where 7, is the electron gyromagnetic ratio and r%; the components
of the vector 7%j; connecting the electron i to the nucleus g

It is immediately evident that the energy correction associated
the interaction (2.2) is negligible when compared with the one re-
lated to the (2.3). The ratio between the two dipolar terms is in
fact of the order of v/v. &~ 1072, This means that in magnetic sys-
tems (S; # 0) the nucleus-nucleus interaction produces only second
order effects with respect to the hyperfine one.
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By introducing the hyperfine field l_{j = (=1/yh)¥; Aji S,, gen-
erated by the electrons at the nuclear sites, Eq.(2.3) can be put in
the form of an effective Zeeman interaction

Hne(7) = —ARI; - B . (2.5)

It is worth to mention that, for I > 1/2, a nucleus has a non-
zero quadrupolar moment, which couples to the local electric field
gradients. In this thesis however, I will deal only with #Y (I = 1/2)
nuclei and thus only the magnetic interactions described by Eq.s
(2.1)-(2.4) are considered.

2.2 Local fields and NMR spectra

By neglecting the nucleus-nucleus interaction, the total field at the

site j is given by H, + (Ej), and the resonance condition takes the
form

w =y |H, + (h;)] . (2.6)

The brackets () indicate the statistical average, defined for a generic

operator "o” as

1
(0 =Nz,

where Hy and Zy are the electronic hamiltonian and the partition
function in presence of the external field.

In quantum spin chains, where no spontaneous order occurs at
any temperature, (h;) is in general a small fraction of Hp, and hence

H
-Tr[e_rfff o, (2.7)

W=y (Ho+ (h) = w(Ho+ S AF(S2)) . (28)

Eq.(2.8) links the resonance frequency to the hyperfine field at the
nuclear site and hence to the local expectation values of the electron
spin components (S?).

The NMR spectrum is obtained experimentally by irradiating
the system at different frequencies w (or equivalently by sweeping
Hy) and by measuring the absorption signal. The spectrum is thus a
function proportional to the number of nuclei obeying the condition
(2.8) and hence contains information on (S{*). A site-dependence
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Figure 2.1: Typical NMR line shape for axially symmetric (a) and or-
thorhombic (b) hyperfine coupling tensor (from Ref. [Slichter]).

of {5¢), for instance, can be detected (see Chapter 4) through the
spread of resonance frequencies expected from Eq. (2.8).

In polycrystalline samples measurements one has to consider
that a distribution of w arises from the anisotropies in the hyper-
fine coupling tensor and/or in the susceptibility, which result in a

variable alignment of the internal fields }_{j with respect to Hy. For
systems with isotropic magnetic susceptibility, the shape of the dis-
tribution functions /{w) resulting from different symmetry-type of

/iji is derived from an angular average [Slichter]. The result for ax-
1al symmetry will be recalled here. In this case two diagonal terms

of flﬁ (in the basis of its principal axis z’, v/, 2’), and thus two
components of the hyperfine field A;, are the same. Without any
loss of generality, one can fix hf' = h¥ # hj’ and the normalized
powder spectrum takes the form

l
2\ﬂu) - wx/)(w:: — w,_.:)

where w. = y(Ho + h¥) and wy = y(Ho + h%') are the reso-

Hw) =
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nance frequencies at those sites where Ho//h? and Hy L hj' Te-

spectively. Eq. (2.9) holds for w between w, and w, and has a
square root singularity for w = we. In any real situation, the infin-
ity is smeared out as a consequence of additional broadening due
to nucleus-nucleus interaction (Eq. (2.2)), external field inhomo-
geneities and/or magnetic impurities. The situation described by
Eq. (2.9) is schematically represented in Fig. 2.1, together with

the more general case of orthorombic symmetry (hf' +* hﬁ-" #+ hf').

2.3 Nuclear relaxation times

After a radiofrequency pulse at the resonance condition (inducing
a non-equilibrium occupation of the Zeeman levels), a system of
all-equivalent I = 1/2 nuclei recovers exponentially the equilibrium
configuration, with a characteristic time Ty called spin-lattice re-
lazation time. Ty is related to the transition probabilities Wi_,+
between the states |+ >=|I* = +1/2 > and |~ >= |I* = =1/2 >
through the expression [Bloembergen 48]

1

T = Weooss + Wi l) . (2.10)
The hyperfine interaction H,. is the only efficient mechanism in
coupling I = 1/2 nuclei to the external environment (lattice), and
thus the relaxation process is driven by the exchange of energy
between the nuclear and the electronic spin systems.

An expression linking 1/7} to the electronic spin-spin correla-
tion functions is now derived in the framework of time-dependent
perturbation theory. The probability per unit time to have a nu-
clear spin flip |— >— |+ >, accompanied by a transition of the
electron system (Hpy) between the states |e > and |¢' >, is given by
the Fermi’s Golden Rule

Wi o(+ey = |
e—Ec/KBT
Zg
(2.11)

in which E, is the energy of the state |¢ >. The hyperfine coupling
can be conveniently rewritten in terms of creation and annihilation

2
71’5| <+, €[ He| =, € > [28(Eer — E. — hiw)
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operators to put in evidence those terms contributing to the nuclear
relaxation

Hoe = Z S (PGS + 17 ARSE) + TAES:, (212)

where I:t = 17 £ I and A5 = A% £ AY. For the transition
|— >— |+ > the only nonvamshlng ma,trlx-elements are the ones
involving the operators 1 J’L A3 57, and thus

I/V(—.t Y= (4, T
, e—E/KpT
A (a4 S'YLY o — _ .
ZTLIZ < ESTe > |F6(E hw)—zH
(2.13)
The analogous expression for Wy )= is
Wity =
+ —E,_//.KBT
AT" S $(E, - E, — hw)——.
)ﬁ|§ < €| S| > |28( E, w) z
(2.14)
Since Af" = (A}")”, one obtains
1
o -y va 2
(Tl)“_,(, zn'?A < €ISFle> I
-E/KgT -E./KpT
S(Ey — B, — hu)'® re )
ZH
(2.15)

and by summing over all the possible transitions of the electron
spin system

T1 =g LT A <

e 1

S’?|f > |2'

(E"EC/I\‘BT + e_Ee'/KBT)

S(E, — B, — hw) >
H

(2.16)
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Expression (2.16) can be rewritten, by using the integral representa-

tion of the Dirac-deltafunction and time-dependent spin operators
So(t) = efet/hGae=iHet/h in the form [Moriya 56

] 1

i ftoo «zwt @ Qo Jé]
7= g | dte {ZA S%( ZA 50)} (2.17)

1

where, for two generic operators o and p, {0, p} = (op+po) and <>
denotes the thermal average defined by Eq. (2.7). As anticipated,
1/Ty probes the dynamic (field-dependent) correlation function of
the electron spin system at the nuclear Larmor frequency.

When the excitations of the system are studied in reciprocal
space, £q.(2.17) can be reformulated in terms of Fourier compo-
nents of the spin operators

S = N"2N" 52t (2.18)

q

and of dynamic structure factor

5B (4, ) :/V"I/_+ood temet < {S2(1), S°A0)} >, (219)

the relaxation rate tacking the form

—, 25224 “ATY 5B (§,w) (2.20)

1

where A; = 33, A;;e775, Moreover, from the fluctuation - dissipa-
tion theoretn R
— L - ¢
S(q’w) = 1 — 6-—hw/TX”(Qaw) ’ (221)

an expression connecting 1/7} to the imaginary part of dynamic
susceptibility x”(7,w) is obtained [Moriya 63] in the limit hw <<
KgT

1 _ ’BT

ZZA-“A*" X"ﬁ(q’ “). (2.22)
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Chapter 3

3Y NMR study of the
Haldane chain Y9,BaNiOs

The compound Y,BaNiOjs is close to the ideal realization of the
S = 1 Heisenberg chain with antiferromagnetic interactions. In
this Chapter, after a brief review of its structural and electronic
properties, the experimental results obtained in this system by #Y
NMR spectra and relaxation (and complementary magnetic sus-
ceptibility measurements) are presented. The typical shape of the
resonance line is shown to arise from the compensation between the
difference in the components of the hyperfine tensor (at orthorom-
bic symmetry) and the anisotropy in the single-ion susceptibility,
yielding a local field at axial symmetry. The value of the Haldane
gap Ay, deduced from the low-temperature behavior of the NMR
line-shift, turns out in good agreement with the estimation from
inelastic neutron scattering. On the cther hand, the spin-lattice
relaxation rate 1 /7 decreases, on decreasing temperature, with an
exponential law leading to a gap Ay, = 2Ay. This finding is dis-
cussed in term of the multimagnon processes contributing to the
dynamical structure factor.
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3.1 Structural and electronic properties

Ln,BaNiO; compounds crystallize in two different structural types
depending on the size of the rare earth element (Ln) [Schiffler 86a,
Schiffler 86b, Schiffler 87, Muller 88, Muller 89]. For the smallest
ones (Ln = Yb, Lu), the crystallographic structure is isostruc-
tural to the Ln,;BaCuQOs series, in which the transition metal ions
are located in a distorted square based pyramidal environment
[Michel 82, Michel 84]. On the contrary, for Ln: Nd — Tm and
Y, the nickel occupies the centers of NiOg octahedra sharing the
apical oxygens an forming linear chains [Schiffler 86a, Schiffler 87,
Buttrey 90].

. “NiOg octohedra

o ~

Figure 3.1: Crystal structure of YoBaNiOs with indication of the main
axis and a blow-up of the Ni-O-Ni chains contained in the corner-shared
NiOg octahedra. The prospective view on the left side is from Ref.
[Darriet 93].

A schematic view of the crystal structure of Y,BaNiOs is given
in Fig. 3.1. The intrachain distance a between Ni** (§ = 1)

ions is 3.76A. Ni-3d(3,2_,2) and O-2p, orbitals overlap along the
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chain direction, by forming a 180° Ni-O-Ni angle and giving rise to
a superexchange path strongly efficient in producing effective AF
coupling J [Anderson 59]. On the other hand, the superposition
of Ni-3d orbitals centered on different chains is rather-small, due
to the distance separating nearest neighour Ni2* ions (about 6.6A)
and to the unfavorable direction of the connecting axis, which does
not belong to any of the 3d-orientations.

The occurrence of 1D-AF correlation in Y,BaNiQs is clearly
evidenced by the broad maximum at 7" =~ 410K in the magnetic
susceptibility [Darriet 93], from which the value of the intrachain
coupling constant J = 285K is derived. A straightforward confirm
of the excellent one-dimensionality comes from Muon Spin Rotation
(¢S R) measurements, which show absence of long range order down

} E(k)

K=n ‘ k=1

Figure 3.2: Low-energy magnetic levels for a) fully-isotropic S = 1 AF
chain; b) the compound Y,BaNiQs, as derived by INS [Sakaguchi 96,
Xu 96]. The arisotropy terms D and E in the hamiltonian (3.1) separate
the three component of the degenerate gapped triplet.
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to 100mK.

From the experiments performed in Y,;BaNiQs strong support
to the Haldane conjecture [Haldane 83] has been found. INS mea-
surements [Sakaguchi 96, Xu 96] reveal the existence of a finite gap
Apg in the magnetic excitation spectrum, having its minimum value
at k = 7 (in inverse lattice units ¢”') and a weak dependence on

the polarization direction. Along da, band & (see Fig. 3.1), one has
respectively A4 = 89K, Al = 102K and A = 112K (Fig. 3.2).

The small differences between A%, A, and A§, implicate the
presence of weak single ion anisotropy terms in the magnetic hamil-
tonian [Golinelli 92]. This last, by neglecting the interchain inter-
action, takes the form [Sakaguchi 96]

Ho=J 35 S+ DI (S +EXUSH = (557 (3.)

with D = —8K and £ = 3K. INS also provided an upper limit
estimation for the inter/intrachain coupling ratio: |J'/J| < 1+5 X
10~*. These values are more than one order of magnitude smaller
than the critical ratio required to induce a magnetically ordered
ground state [Kosevich 86, Sakai 90].

3.2 Experimental results

3.2.1 Magnetic susceptibility

Magnetization measurements has been performed on polycrystalline
Y,BaNiOs by SQUID (Superconducting Quantum Interference De-
vice) magnetometer!. Synthesis and characterization of the sample
are described in Appendix.

The magnetization curves M(H,) appear almost linear up to
~ 7T (Fig. 3.3), and no appreciable difference has been found in
magnetic susceptibility x = M/Hy between field cooled (FC) and
zero field cooled (ZFC) conditions.

The temperature behavior of y, reported in Fig. 3.4 a), is
in good agreement with data previously reported by other au-
thors [Darriet 93, Yokoo 95, Shimizu 95]. At low temperature (T <

' 'METRONIQUE INGEGNERIE 3QUID M03, equipped by 8T magnet and oper-

ating in the range 2 - 300K, installed at the Department of Chemistry - University of
Firenze.
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Figure 3.3: Typical magnetization curves in YyBaNiOs.
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Figure 3.4: a) Y;BaNiO5 magnetic susceptibility in Hy = 0.17; b)
Contributions to the susceptibility: y¢ is the Curie term related to the

chain’s boundaries, while xg is the susceptibility pertaining to the bulk
of the chains (from Ref. [Tedoldi 98]).



20K), a Curie-like divergence is observable, in contrast to the de-
crease of x that is expected for an ideal (infinite) HAF S = 1 chain,
when the temperature is lowered [Affleck 90a, Jolicceur 94]. In the
next chapter it will be shown how this discrepancy can be related
to the occurrence of an extra-magnetization localized at the bound-
aries of the chains, which in any real compound have finite length.
In order to study the properties of the "bulk” (central part of the
chains) we have first derived the magnitude of this Curie term x¢
from a fitting of the data at very low temperature (T' < 10K), and
then subtract it from the raw data shown in Fig. 3.4. The result
X B, is reported together with x¢ in Fig. 3.4b).

3.2.2 %Y NMR spectra

89Y NMR spectra have been measured in Y;BaNiOs for different
values of the external magnetic field®. For T' > 20K the distribution
of resonance frequencies was achieved by a single Fourier Transform
(FT) of the NMR echo signal. At lower temperature, a convolution
of the FT’s of the signals detected, at fixed field, in correspondence
of different irradiation frequency, has been performed.
Representative spectra are shown in Fig. 3.5a). The normalized
shift of the maximum K with respect to the 3Y reference signal
(see caption), is much larger than the spectral frequency distribu-
tior around K. This means that the spread of local fields (h%) at

the 8%Y nuclear sites is small compared to the j-averaged value of
(h%). In other words, each nucleus experiences almost the same
1000,1 field, mdependently on the orientation of the powder grain to
which it belongs, pointing out that the scalar transferred hyper-
fine coupling dominates over the dipolar term. The latter indeed is
responsible of the typical asymmetric shape of the spectra, which
is well observable at 7 = 293K and tends to disappear when the
temperature is lowered. An additional source of broadening is the
anomalous magnetization occurring at the chain-edge’s producing
the Curie-divergence in the macroscopic susceptibility (see Section
3.2.1). These boundary effects, which smooth the shape of the pow-

"*The NMR data presented in this Chapter have been collected by a BRUKER
spectrometer MSL200 equipped with a 5.9 T OXFORD superconducting magnet
(installed at the Department of Physics ”A. Volta” - University of Pavia) and by a
BRUKER spectrometer AMX400 equipped with a 9.4 T OXFORD superconducting
magnet (installed at the Centro grandi strumenti - University of Pavia).
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Figure 3.5: a) Representadtive 89Y NMR spectra in Y,BaNiOs obtained,
at Hy = 5.97, by sweeping the irradiation frequency v. On the x-scale
the rela.tlve dll‘ference between v and the %Y mgnal measured, in the
same field, in a YCl3 solution (1) is reported in parts per mxlllon b)
temperature behavior of the shift K(7') of the NMR line for dlfferent
values:of the external field. The solid line is the best fit of the data, for
T < 150K, according to Eq. (3.8).

der patters at high temperature, become dominant in determining
the linewidth at 7" < 20. However most of the nuclei are close to
Ni%* ions belonging to central parts of the chains and therefore are
not affected by such perturbation. Their shifts (~ K) directly re-
produce the susceptibility of the bulk and thus of the ideal infinite
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system. The temperature behavior of K (Fig. 3.5b)) becomes, in
this way, a powerful test to verify the existence of a gap in the
magnetic excitation spectrum. A gap which will be quantitatively
estimated later on, but that, from the independence of K on Hj,

can be expected to be much larger than the Zeeman energy gup Hp
(= 10K).

3.2.3 Spin-lattice relaxation rates

The evolution of the 8Y nuclear magnetization M,(7) after a se-
quence of saturating pulses at the central frequency wy of the cor-
respondent spectrum has been measured in Y;BaNiO; by using
standard echo sequences. Typical recovery plots are shown in Fig.
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Figure 3.6: a) and b) Recovery plots y(7) = [M,(00) — M, (7)]/M,(c0)
of the #9Y nuclear magnetization along z(//Hp) in YoBaNiOs. Results
at selected temperatures in Hy = 9.4T are reported. The spin-lattice
relaxation rate 1/T) has been extracted by fitting the data according to
Eq. (3.2) in the text. At T = 50K, a departure from a single exponential
behavior begins to appear, indicating impurities-contributions to the

relaxation. ¢) Spin lattice relaxation rate as a function of temperature,
for different fields H,.
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3.6a) and 3.6b).
In the high temperature range, M.(7) recovers exponentially
towards its equilibrium value M,(o00) according to the law

y(r) = MZ(ozfd)z(_ooAfZ(T) =e77h,

(3.2)

which directly provides the relaxation rates 1/T; (Fig. 3.6c)). For
T < 50K, y(7) starts to deviate from a single-exponential behavior,
indicating the occurrence of site dependent relaxation processes.
Later on it will be pointed out how "local” contributions to 1/7}
can arise frorn the fluctuations of the extra-spins located at the
chain’s boundaries. Here the data of M,(7) have been fitted to Eq.
(3.2) even for T' < 50K, where the extracted values of 1/T} have to
be considered average relaxation rates.

Analogously to the the shift (Fig. 3.5¢)), 1/T1 decreases on
decreasing temperature without any dependence from the external
field up to He = 9.4T (Fig. 3.6¢)).

3.3 Hyperfine coupling and NMR lineshape

In order to extract from the NMR data insights on the magnetic
correlations in Y,BaNiQOs, the properties of the hyperfine tensor A;;
coupling Ni?* ions to 3Y nuclei must first be discussed.

LA

Aji (Eq. (2.4)) is given by a scalar contact term A’;, due to

ji)
transferred hyperfine interaction, and by a dipolar part. This latter
induces tensorial character to A;; and in NMR powder spectra it
causes a broadening of the line. As remarked in section 3.2.2, the
%Y linewidth in Y,BaNiQs is in general much smaller than the
shift K, pointing out that the hyperfine coupling is dominated by
the scalar term A’

The magnitude of ‘A}; can be derived by the analysis of the
shift K(T') versus the chain susceptibility x5(T). The extrapolated
values of these two quantities at T = 0 are non-zero (Fig.s 3.4
and 3.5) in contrast with the theoretical expectations for the S =
1 chain [Affleck 90a, Jolicceur 94]. The residual terms K(0) and
xB(0) are related to temperature-independent orbital contributions
(Van Vleck susceptibility) in the magnetic response and must be
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Figure 3.7: T-dependent part of the 3Y NMR shift in Hy = 9.4T
plotted as a function the spin susceptibility x7"", with temperature as
intrinsic parameter. The solid line is a linear interpolation of the data

according to Eq. (3.3.)

subtracted in order to deduce the spin components K*""(T) =
K(T) — K(0) and x3"™(T) = xB(T) — x5(0). Then one has

goon(ry = $) o TiA5 (ST _ T ALux™
Hy  ~hH, Ny yv.h?

(3.3)

where N4 is the Avogadro’s number and (h?) the hyperfine field at
the Y site (neglecting for the moment the dipolar interactions).

From the plot of K***(T) as a function of y§'" (Fig. 3.7) one
obtains, by means of Eq. (3.3), Ar = _; Al;/vh = 26 KGauss.
Transferred hyperfine interaction requires extension of the Ni+—
3d orbitals at the ®Y site and thus only ions close enough can
couple to a given nucleus. In Y,BaNiOs, each 8Y has two nearest
neighbor (nn) Ni** on a same chain and two next nearest neighbors
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Figure 3.8: Schematic representation of the magnetic structure around a
given 3Y nucleus in Y,BaNiOs. The Ni?t which are nearest neighbors
to the nuclear probe are indicated as nn, while the next nearest neighbor
ions are labelled as nnn.

(nnn) on different chains (Fig. 3.8). However, the Y lattice position
belongs neither to magnetic-chain-axis (along which the 3d(z,2_,2)
are directed), nor to the bases of the NiOg octahedra where the
3d2_2y orbitals of nn - Ni%t lies. Thus the contribution of nn
ions to A7 is expected to be weak, as noted also by Shimizu et al.
[Shimizu 95]. On the other hand, the bases of nnn octahedra over-
lap the Y-site, suggesting that Ar is essentially due to nnn ions.
Hence we will have

A= ~ 13kGauss if () and (1) are nnn , (3.4)

!
L]
yh
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while

!
A;{ ~ 0 if () and (z) are not nnn . (3.5)
v

Let us discuss now the shape of the NMR spectra. As it ap-
pears from Fig. 3.9, the lineshape is rather well described by the
angular distribution of a local field at cylindrical symmetry, after
taking into account a proper smoothing factor (see Sec. 2.2). This
evidence could seem surprising [Shimizu 95], since the Y-site point
symmetry is lower than axial. It is noted, however, that also the
anisotropy in the spin susceptibility must be considered in order
to derive the NMR lineshape. Measurements performed on single
crystal of Y2BaNiOs [Yokoo 95] indicate that x is not a pure scalar
(as implicitly assumed until now), but rather a tensor with weak
differences in its diagonal components. By using the data of x re-
ported in Ref. [Yokoo 95], the expectation value of the electronic

spin has been calculated and the hyperfine field (Ed,-,,> at the Y-
site due to nn dipolar interactions derived. The differences in the

components of (ﬁd;p) along the crystal axis turn out, at 7' = 293K,

(hdip) — (haip) (hgip) = (hip)
1 1 ~ d ip ip
He 366ppm an 7

~ 8ppm .

(3.6)
The separation between (hY, ) is (hg;,) is almost negligible, justify-
ing the axial symmetry in the 8Y spectrum. At the same time the
difference (hj;,) — (hf,,) accounts for the line-broadening (see Fig.
3.9).

On cooling the dipolar broadening decreases, as well as the aver-
age shift (Fig. 3.5), tracking the behavior of the chain susceptibility.
The linewidth has a minimurn around 40K. Then, below this tem-
perature, the NMR spectrum turns out homogeneously broadened,
with no signature of dipolar structure. This homogeneous broad-
ening becomes dramatic below 20K, suggesting that it is due the
localized chain defects causing the Curie-like term in the macro-
scopic susceptibility. This issue will be discussed in the next Chap-
ter, where the effects related to the finite size of the chains will
be studied systematically. For the moment one notes that, at high
temperature (where xc << xB), this additional broadening justify
the "smoothing” of the powder patters (Fig. 3.9).
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Figure 3.9: 8Y NMR spectrum at T = 293K and Hy = 5.9T, compared
to a theoretical powder distribution at axial symmetry (dotted line in
the inset). The introduction of a "smoothing” factor (solid line in the
inset) evidences the analogy between the theoretical function and the
experimental findings.

3.4 Haldane gap from ¥Y NMR shift

The spin susceptibility of the Haldane chain has been calculated in
the framework of the "Free Boson Model” [Affleck 90a] and more
recently through Nonlinear o Model [Jolicceur 94]. In the low tem-
perature limit (7' < Apg), the following behavior is predicted

. Ary
XET) = x| e F (3.7)
with x* constant.

The data for yp reported in Fig. 3.4b), after subtraction of the
orbital contribution xp(0), can be fitted rather well by Eq. (3.7)

45



for T' < 100K, providing the value Ay = 92 £ 10K for the Haldane
gap [Tedoldi 98]. This estimate, however, is somewhat affected by
the procedure used to deduct the Curie-like contribution x¢.

A more accurate result is obtained by the analysis of the shift K,
which directly probes x3'". By fitting K(T') (Fig. 3.5b)) according
to the expression

K(T)=K(0)+ K" \/%? e F (3.8)

one derives Ay = 102:£5K [Tedoldi 99b], consistent with the value
from macroscopic susceptibility and in good agreement with the av-
erage gap Ay = (A4 + A% + A% )/3 = 101K measured by inelastic
neutron scattering [Sakaguchi 96, Xu 96].

It is noted that, if one assumes J = 285K [Darriet 93], the
ratio Ay /J turns out only 15% smaller than the value numerically
evaluated [White 93] for the HAF S = 1 model (A% = 0.4105J).
This can be assumed as an estimate of the approximation that one
introduce in describing Y,BaNiOs as an isotropic Heisenberg chain.

3.5 Spin dynamics from 3Y nuclear relaxation

89Y spin-lattice relaxation rates, measured in Y,BaNiO5 at Hy =
9.4T', are plotted in Fig. 3.10 as a function of 1000/7". For 50K <
T < 350K the experimental data are well described by the law

1 _Ldyn

-— T

T = we (3.9)
with Ay, = 228+5K (solid line). Below 50K, 1/T becomes practi-
cally temperature-independent and a noticeable deviation from the
single-exponential behavior is observed in the recovery laws (Fig.
3.6). In general this fact indicates the occurrence of a distribution
of relaxation rates and thus site-dependent spin fluctuations (see
[Corti 97, Tedoldi 99a}). In the S = 1 compound Ni(C;HgN3);NO,-
(C10y4), the low-T multi-exponential character of the recovery-laws
has been attributed to the effect of S = 1/2 fractional spins local-
ized in correspondence of chain’s defects [Goto 97]. According to
this observation, one can conveniently analyze the bulk properties
of the system by considering only the temperature range in which
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Figure 3.10: 3%Y 1/T} in Y2BaNiOs (circles) reported as a function of
1000/7, for Hy = 9.4T. The exponential decrease (on cooling) indicates
the gapped-character of the low-energy spin fluctuations. Fitting of the
data at T > 50K a,ccordmg to Eq. (3.9) (solid line) provides the value
of the ”dynamllcal gap” Adyn = 228 + 5K. For T' < 50K the relaxation
mechanism is controlled by ”impurities” (see text) and 1/Ty becomes
practically T-independent (note the change in the z-scale).

the recovery laws are exponential (i.e., in Y,BaNiOs, the range
T > 50K).

Let us look for the effective relaxation mechanisms,’in the light
of excitation spectrum for the S = 1 HAF chain (Fig. 3.11), as de-
rived from Monte Carlo calculations [Taka,ha,shl 88, Ta.kahashl 89].
Accordmg to these estimates, the single magnon® dlspersmn curves
have a minimum at & = 7 (with energy ¢ = Ay) and increase
on moving towards the center of the Brillouin-zone. For k' < 0.37
the single magnon energy is larger than the one of two magnons
having the same total momentum. Thus, in this k-range, the low-
lying excitations belongs to a two magnon-continuum with mini-

3While in classical AF the term ” magnon” is used to indicate spin-wave excitations
{true Goldstone-modes), in quantum discrdered systems it is generically employed for
low-lying one-particle excited states.
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Figure 3.11: Schematic spectrum of low-lying states for the § = 1
HAF chain. The shape of the three degenerate single-magnon dis-
persion curves is based on Monte Carlo calculations [Takahashi 88,
Takahashi 89]. The continuum is derived by considering the two-particle
states formed by pairs of non-interacting one-magnon excitations.

murn energy ¢ = 2Ap (neglecting interactions) at k = 0 . Single-
ion anisotropy (and external field) slightly modify this picture in
Y,BaNiQOj;, by introducing a splitting between the levels of the or-
der of D = 10K (=~ gupHy) ®. These effects will be neglected here,
since the energy corrections that they introduce are much smaller
than the Haldane gap.

Only transition between states whose energy difference is close
to the nuclear Zeeman splitting hiwy are involved in the nuclear

*n-magnons states with n > 2 [White 93] are not considered here. Their contri-
buticn to the spin dynamics is expected to be relevant only at energies larger than
3AgH.

®The effect of single-ion anisotropy in Y»BaNiOs around k = = is sketched in Fig.
3.2.
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relaxation (Eq. (2.16)). Since Ay ~ 10°hwy, direct process (cre-
ation/annihilation of one magnon) cannot produce nuclear spin
flips. Then higher-order processes must be considered. In Fig. 3.12
the simplest multimagnon scattering events, involving almost-zero
energy transfer are illustrated®. The number of these transitions
taking place per time unit controls the intensity of the dynamical
structure factor S*?(q,wy) at the nuclear Larmor frequency.

The spin-lattice relaxation rate 1/7} is related to S*P(q,wn) by

the form factor A, (Eq. (2.21)). In Y,BaNiOs, A, is well approx-
imated by the scalar interaction AyA defined by Eq. (3.4), that is
g-independent since arises from nnn-ions which are uncorrelated.
Then expression (2.21) can be rewritten

1

= = WP AT Y S5 (g ww), (3.10)
1 q

where S*(q,wn) = N1 [32 dte™nt < {SF(t), SZ,(0)} > is the
part of the dynamical structure factor invelving only A(S?) = £1

transitions. By comparing the experimental data in Y,BaNiOs (Eq.
(3.9)) to Eq. {3.10), one deduce that

Y S (g,wn) o 1 (3.11)

q

in the temperature range Agy/2 < T < 3.5Ap. The processes
bringing the dominant contribution to > 5% (q, wy) are easily iden-
tified in the A(S?) = 1 transitions occurring between the bottom
of the two-magnons continuum and the single .magnon dispersion
curves (three-magnon scattering), and in the ones occurring in-
side the two-magnon continuum (four-magnon scattering). Both
these mechanisms require in fact a minimal thermal activated en-
ergy Agy, =~ 2Ay.. _

Relation (3.11) is believed to express a general condition for
spin liquids. The NMR results obtained in the gapped spin lad-
der Cuy(CsH;4N3),Cly [Chaboubsant 97, Chaboussant 98] support

®Two- and three-magnons processes have been considered in discussing nu-
clear relaxation in classical (3D) antiferromagnets with anisotropy-gaps [Moriya 56,
Beeman 68], and in the analysis of the same problem in S = 1 chains [Jolicceur 94,
Sagi 96] and two-leg ladders [Troyer 94, Sandvik 96, Ivanov 99, Melzi 99, Naef 99)].
Four-magnons processes are mentioned by Chaboussant et al. in the review paper
[Chaboussant 98].
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Figure 3.12: Multimagnon-scattering processes contributing to nuclear
relaxation. The energy differences between incoming and outcoming
magnons corresponds to the nuclear Zeeman splitting. The value of the
total exchanged momentum ¢ = |k’ — k| is limited by the k-crossover-
points between n-particle and (n + 1)-particle states (see [White 93].
It ic noted that, strictly, $* is not a good quantum number for the
eigenstates of the hamiltonian (3.1) when E # 0. However, since in
Y;BaNiOs E ~ 1073J, 87 can still be used, with good approximation,
to label the magnetic levels.

50



this idea, even if the conclusions about S*(g,wy) reached by the
authors are somewhat less general. In Cuy(CsH;3N3)2Cly, the con-
tributions to $**(q,wy) coming from fluctuations parallel and or-
thogonal to the direction of the external field have been resolved,
by measuring Ty at two proton sites characterized by different form
factors. Both turn out to be thermally activated, the first one
with a gap Agmn = Apg and the latter with Agy ~ 2Apg, ac-
cording to Eq. (3.11). However in the experiment reported in
[Chaboussant 97], the two-magnons processes with A(S%) = +1
are depressed by the application of an external field comparable to
Ag. From #Y 1/T) in Y,BaNiOs one deduces that, even when the
different one-magnons branches overlap in the energy spectrum, the
A(8%) = %1 two-magnons scattering contributions to S*(q,wy) are
negligible compared to the ones involving the continuum of states
at k ~ 0. This is similar to what occurs in 3D-ordered AF’s with
a gap induced by single-ion anisotropy [Beeman 68|.

In conclusion it is observed that, even if in general the spin-
lattice relaxation rates in quantum disordered AF’s roughly fol-
low a temperature activated behavior (see [Gaveau 90, Fujiwara 93,
Shimizu 95, Takigawa 96, Reyes 97, Tedoldi 99b] for S = 1 chains
and [Azuma 94, Chaboussant 97, Carretta98, Imai 98] for two-leg
ladders), the value of the gap extracted from 1/7; is connected to
the energy separation between the lowest lying states in a compli-
cated way. The nuclear relaxation rates provides important insights
about the electronic mechanisms which dominates the low energy
spin dynamics, but can hardly be used, by themselves, to obtain
the value of the energy gaps occurring in quantum spin systems.
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Chapter 4

Staggered magnetization
from spinless impurities:
an imaging in
YgBaNil_ngxO5

Partial substitution of magnetic ions by nonmagnetic impurities
breaks an ideal Haldane system in a collection of S = 1 AF chains
of finite length. In this Chapter the main properties of finite-
chain models, obtained from analytical and computational anal-
ysis, are first recalled. It is shown how a non-uniform magneti-
zation, reflecting the’ correlation properties of the system;-is ex-
pected to take place. Experimental evidences confirming this pre-
diction, based on magnetic susceptibility and 3Y NMR spectra
in YoBaNi;_.Mg,;O5 are then reported. In particular, a mapping
between resolved NMR lines and lattice positions is established,
providing an ”image” of the staggered moments that develop at
the chain boundaries (namely around Mg impurities). The most
relevant conclusions derived from this analysis are the following. a)
While the magnetization at sites far from the boundaries behaves
as in typical gapped systems, the edge spins exhibit a § = 1/2
Curie-like deviation. b) The amplitude of induced moments de-
creases exponentially away from the edges, with a characteristic
decay distance close to the magnetic correlation length of the in-
finite chain. These study highlights the potentialities of NMR in
accessing the local response of low-dimensional AF spin systems
doped by nonmagnetic impurities.
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4.1 Finite S = 1 AF chains: basic theoretical
aspects

An intuitive way to understand how boundaries modify the mag-
netic properties of the S = 1 chain starts from the AK LT model.
As mentioned in Section 1.4.2, the eigenspace of a spin-1 (at a given
site) can be written as a symmetric combination of the eigenfunc-
tions associated with two spin-1/2. Then the ground state |yvBs)
of the hamiltonian (1.29) (the ”Valence Bond Solid”) is expressed
as a superposition of local singlets formed by two S = 1/2 states
on adjacent sites (Fig. 4.1). With periodic boundary conditions,
all the spin-1/2 are involved in dimers and |¢vps) is a nondegener-
ate singlet. Instead, the chain with open boundary conditions (in
the following "open chain”) has a fourfold degenerate ground-state
consisting of a singlet (|0),) and a triplet (|1,8%),). This can be
understood by observing that the open chain is equivalent to the
periodic one with one coupling removed (Fig. 4.1). Hence, an open
chain has two additional spin-1/2 degrees of freedom (one at each

Figure 4.1: Schematic illustration of the Valence Bond Solid state for:
a) periodic boundary conditions; b) open boundaries. Small circles
correspond to spin-1/2 states, while the large ones denote spin-1 sites.
The links between spin-1/2 on adjacent sites indicate the singlet-bonds.
The equivalence between the periodic chain with one broken bond and
the open one is illustrated. The additional spin-1/2 degrees of freedom
characterizing the open chain are represented by arrows.
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end), which combine to give a singlet and a triplet [Kennedy 90].

Let us now leave the AK LT for the Heisenberg model. Formally
this corresponds to vary 8 in the hamiltonian (1.30) from 8 = —1/3
to f = 0. The states |0), and |1,5%), are no longer degenerate
for 8 # —1/3: the energy separation between them increases for

Even chains Odd chains

A

_1_ T A

* Haldane gap

Triplet || 1, 5*), 1L Singlet
AE

-

Singlet 10), Triplet 11,5%),

»

b\ Y

— « —
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Haldane gap

:
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Figure 4.2: Structure of the low-energy eigenvalues for the 1D-HAF with
open boundary conditions. The difference between chains with even and

odd number of spins and the evolution towards the thermodynamic limit
are illustrated.
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B — 0~ '. The respective positions of |0), and |1 §7), in the energy
scale are ﬁxed by the even or odd number of spins in the magnet'c
system: for an Heisenberg open chain with even number of spins,
|0), remains the unique ground state while |1,5%), becomes the
first excited level, and wvice versa for a chain with odd number of
spins [Lieb 62] (see Fig. 4.2).

The energy separation AFE between singlet and triplet states
vanishes exponentially as a function of chain length L. As observed
in [Kennedy 90], this picture does not contradict Haldane’s predic-
tion of a nondegenerate ground state and gapped excitations for the
infinite-L chain, but rather suggests to define the Haldane gap for
the open chain as the difference between the second and the third
energy eigenvalues (Fig. 4.2). The four states (|0), ; |1,5%),), in
fact, are the same except for boundary effects, and are thus ex-
pected to yield the same ground state for L — oo.

The difference between the four low-lying states shows up in the
expectation value (S7}, of the local spin operator: (S?), is zero (at
all sites) in the states |0), and |1,0),, while it takes non-zero and
site-dependent values in |1,1), and |1,—1),. According to Quantum
Monte Carlo [Miyashita93] and Density Matrix Renormalization
Group results [White 92, Sorensen 94, Polizzi 98], one has (SZ ), =
(Sf.p)o =~ 1/2 in the state |1,1),. Then, going towards the center
of the chain, (S?), — 0 with sign alternating from site to site (Fig.
4.3). Due to the arbitrary choice of the z-axis in the Heisenberg
model, it must be (1, -1|57|1, -1}, = —(1,1|S7|1,1),.

Fitting |{S?),| to an exponential function, provides the charac-
teristic decay length ¢ ~ 6 of the boundary "anomaly”?. This value
is remarkably close to the correlation length ¢, of the infinite Hal-
dane chain at zero-temperature, suggesting that the behavior of S?
in the state |1,1), (and in |1,—1),) reflects the decay of the cor-

! Actually, for 3 — 07, not only the energies are changed, but also the state |0Yo
and |1,8%), themselves are progressively modified. However they still remain singlet
and triplet eigenfunctions of the total spin S. For this reason, the same notation used
above is retained.

*It is worth to remark that the decay of |[(57),| in the state |1,1), observed in
the numerical data (Fig. 4.3) is not strictly exponential. |(S7)o| is somewhat larger
than the interpolating exponential at odd sites and smaller at even sites, as can
be noted in the logarithmic plots reported in [White 92, Mlya,shlta93 Sorensen 94).
These deviations ensure that the total spin on half cham is Z (S7)o = 1/2, as it
must be in a 87 = 1 state. Instead, for a pure staggered-exponential decay ({S?), =
(SYo(=1)=Ne=li=D/¢ with (57), = 1/2 and § = 6), one would have Y8 ~
0.25 for each half-chain, that is clearly inconsistent in the state |1,1),.
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Figure 4.3: S7 expectation value in the state |1, 1),, for open chains with
different length L (from Ref. [Miyashita93]).

relation function in the Haldane phase. Analogous conclusion has
been reached by Sorensen and Affleck in a field theory approach
[Sorensen 94].

The expectation value of the local spin operator S} in the state
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|1,1), is often defined in literature as "local magnetization”, or "on-
site magnetization”. However such definition is rigorous only at
zero-temperature, if |1, 1), is the unique ground state. This occurs
for odd chains in a small uniform field, as well as for even chains
when the field is strong enough to induce a Zeeman splitting of the
triplet larger than AF(L). In general, at finite temperature, the
local magnetization (S7) is defined as the statistical average of the
S? operator (Eq. (2.7)). In the limit T << Ap, only the four lowest
lying states are involved in the average, but at higher temperature
one has to take into account also the states above the Haldane gap
and the calculation of the local magnetization becomes much more
complicated. We will come back to this issue in the last Section,
after having presented a direct experimental determination of (S7?).

4.2 Nonmagnetic-impurity doping in Y;BaNiOj;

In order to carry out experimental studies on the local magnetiza-
tion (S?) occurring in finite S = 1 chains, polycrystalline samples of
YgBaNil_ng_TOs at z = 0.05 and z = 0.10, have been prepared as
described in Appendix. X-Ray diffraction shows that the Mg-doped
compounds preserve the original symmetry of Y,BaNiOs (without
significative changes in the lattice constants), and that Mg ions
substitute Ni in peer positions, for an amount practically equal to
the nominal doping.

The nonmagnetic (S = 0) Mg?* ions are equivalent to spin-
vacancies along the Ni-O-Ni chains (Fig. 4.4). Although one cannot
exclude, in principle, that a small interaction between Ni ions sep-
arated by a Mg-impurity could survive, this is expected to be very
small compared to J and will be neglected. Thus, the compound
Y.BaNi,_,Mg,O5 is considered as a sequence of open chains, with
average length proportional to the inverse of the doping z. For
a random arrangement of defects, the distribution P(L) of chain-
lengths in the sample is given by the probability of finding one
Mg-ion and L non-substituted Ni sites, i.e.

P(L) = z(1 — )" (4.1)

The average length of the chains in a 'x—doped sample is thus

ELIEl——.’E)L ——1 (4.2)
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Figure 4.4: Schematic picture of the Ni-O-Ni chains in Y;BaNiOg, before
and after Mg-doping.

as expected. For z = 0.05 and z = 0.10 (the saraples studied here),
one can assume (L) ~ 1/z.

It is noted that, since P(L) decreases monotonically as a func-
tion of L, the short chains play a non negligible role in the L-
averaged quantities, even at low doping.

4.3 Experimental results

4.3.1 Magnetic susceptibility

Y,BaNi;_.Mg,0Os magnetization have been measured by SQUID
magnetometer®. As for ‘the pure compound, the magnetization
curves are linear up to ~ 77 and no difference between field-cooled
and zero-field-cooled conditions has been detected down to T' = 2K

SQUANTUM DESIGN SQUID (type MPMS-XL7), equipped by 7T magnet and
operating in the range 1.8 - 800 K, installed at the Department of Physics ”A. Volta”
- Untversity of Pavia.
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(Fig. 4.5).
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Figure 4.5: Field-cooled (FC) and zero-field-cooled (ZFC) magnetic sus-
ceptibility in Y;BaNigg5sMgg.05s0s. In the inset a typical magnetization
curve is reported (T=300K).

The susceptibility x(7') = M/Hp is reported as a function of
temperature in Fig. 4.6, for both z = 0.05 and = = 0.10 samples,
and compared with nominally pure Y,BaNiOs (z = 0). x increases
on increasing the Mg amount, indicating that spinless impurities in-
duce extra magnetic moments in the Haldane system, in agreement
with the theoretical predictions discussed above. This also suggests
that the Curie-like contribution observed in the pure compound can
actually be attributed to the finite size of the Ni-O-Ni chains arising
from naturally occurring defects.

However, macroscopic susceptibility is not the ideal tool in or-
der to investigate "modulated” eflects, like those expected in open
chains, since it probes uniform (¢ = 0) contributions. x measures
the total magnetic moment which aligns along the external field
(x o< 32;(S?)), but cannot clarify how (S?) depends on the position
along the chain. Only a local probe sensitive to spatial oscillations
of (S7), such Y NMR, can provide a direct picture of the on-site
magnetization.
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Figure 4.6: Magnetic susceptibility in Y,BaNi;_,Mg,Os.

4.3.2 %Y NMR spectra

89Y NMR spectra have been reasured in Y,BaNi;_,Mg,Os5 at
fixed frequency vpr by sweeping the magnetic field Hy 4. This
procedure is equivalent (when small changes in Hy do not modify
the intrinsic properties of the system, which is the case here), to
vary step by step the irradiation frequency at fixed field. However,
it turns out more efficient in measuring complex distribution of
resonance frequencies, since it does not require any retuning of the
NMR setup during the acquisition of the spectrum.

In Fig. 4.7 representative spectra for the z = 0.05 sample are
shown. At T' > 100K, several peaks are observed, their shift from
the central line increasing with decreasing temperature. In order to
resolve the multipeak structure, each spectrum has been obtained
by summing the Fourier transforms of the echo signals recorded
at about 50 -~ 100 different values of Hy. The peaks p; are la-
belled by an index [ according to the decreasing magnitude of their

‘Experiments performed at GHMFL (Grenoble High Magnetic Field Laboratory),
by a home-made 1 GHz spectrometer equipped with variable-field 17 T OXFORD
superconducting magnet.
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Figure 4.7: 89Y NMR spectra in Y;BaNig g5sMgo.0505 recorded at fixed
frequency vgrr = 29.4M H z upon sweeping the magnetic field Hy (from
Ref. [Tedoldi 99c]). a) For T > 100K resolved satellite peaks are la-
belled with an index I, following the decreasing magnitude of their shifts
from the central line (see text). b) Below T ~ 100K, the different peaks
are no longer resolved. The spectra consist in single broad lines (the
spectrum at T = 150K is plotted again for comparison).
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that the relative shifts A(py) scale linearly with vgp and thus with
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Figure 4.8: Spectra in Y2BaNig 95Mge.0505 at T =~ J (= 285K), for two
values of the irradiation frequency. The almost-unchanged position of
the satellites peaks indicates that the relative shifts A(py) scale linearly
with vgr and thus with the external field Hy (the small variation is due
to the 13K -difference between the two spectra).
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Figure 4.9: Comparison, at T' J, of the 8%Y spectra in the z = 0.05
and z = 0.10 samples correspondlng to (L) ~ 20 and <L) ~ 10 (from
Ref. [Tedoldi 99c}). -

the external field Hy. A comparison between samples at different
doping (Fig. 4.9) proves that, for T ~ J, the peak positions are
independent on (L).

Finally, in Fig. 4.10, the shift K of the central peak p. with
respect to the ®Y reference signal is reported. K has been de-
terrnined from the difference between the resonance frequency cor-
respondent to the maximal intensity in p. and the 3Y frequency
in YCl; solution, at fixed Hy °. Possible errors resulting from the
estimate of the absolute value of Hy are, in this way, avoided.

*High-resolution 9.4 T superconducting magnet in permanent-mode (Centro
Grandi Strumenti - University of Pavia) has been used.
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Figure 4.10: Shift of the central peak p. in the Y3BaNi;_,Mg,Os spec-
tra, with respect to the reference 3%Y signal in a YCl; solution.

4.4 Local magnetization, edge spins and mag-
netic correlations

Accor dmg to the expressions (3. 4) and (3. 5) the hyperfine field
at a given 89V site in Y,BaNi;_;Mg,Os is proportional to the
local magnetization of the two next nearest neighbor (nnn) Ni**

ions (see Fig. 3.8). Thus,. for a fixed frequency vgr, the resonance
condition is

VRp = 5= [Ho + A(ST+ SN (4-3)

where A = 13K (G and the indexes 1.1 indicate the position of
the two nnn in the correspondent finite chains limited by two Mg
impurities. The high temperature spectra shown in Fig. 4.7a) find
an immediate interpretation in the light of Eq. (4.3). The central
peak p. corresponds to *Y nuclei resonating at almost the same
field, indicating that most of the Ni?* spins have approximately the
same expectasion value (S7). On the other hand, the occurrence



of small satellites peaks p; points out that, for a certain number of
Ni** jons, (S7) and/or (S7) are different {from (S7).

The small interchain coupling J' allows us to consider the ther-
mal expectation values of the nnn spins (which belong to different
chains) completely uncorrelated. The most probable random com-

binations of (S7) and (S7), a part for the one in which both are

1 z

equal to (S7), are those with (S7) = (S7) and (S3) # (S?) (and
vice versa). Thus the peaks p; in the Y spectra must be related
to these latter situations, each of them identifying a defined value
of (57).

The explicit form of the mapping between the site-index z and
the peak-label I is suggested by the evolution of the spectra as a
function of the impurity concentration x. The satellites peaks are
reduced on increasing & (Fig. 4.9), and disappear for z = 0, while
the central line p. remain almost the same. This indicates that the
peaks p; are associated to spins at the boundaries of the chains,
while p. reflects the properties of the "bulk”. At this point, it is
logical to relate the magnitude of the shift A(py) in the spectra to
the distance of the ions from the center of the chain and to assign
the peaks p; to the positions + = [ and (2 = L — I + 1) following
the decrcasing strength of A(py) (Fig. 4.11). According to this
mapping. the magnetization imduced by impurities is

oy Alpr)
A(S) = (57) - (50 = 22 (4.4)
with [ = |, .....L/2. The regular alternation of the sign of A(p;) as

a function of I points out the staggered nature of induced magne-
tizasion, which reflects the AF character of the exchange coupling.

Let’s go now to study the temperature evolution of the induced
magnetization at the first (and last) site of the chain. As shown in
I'ig. 4.12, the values of A(S7_,), extracted by the experimental data
at Ho ~ 14.1T (Fig. 4.7a)) through Eq. (4.4), are well accounted
for by the law

guHoS(S + 1)
A S"__ et
A(ST)| = BT

with S = 1/2, ¢ = 2. This means that, for Ay < 7" < J (where
Ay =~ 100K is the Haldane gap for pure Y,BaNiOs), the non-
uniform magnetization associated to the extreme sites of the chain
is ciose to the one correspouding to "free” S = 1/2 spins. The

(4.5)
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Figure 4.11: Schematic illustration of the mapping between NMR peaks
and chain’s sites described in the text.
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lincar scaling of A(Sj..,) (and thus of A(ps)) as a function of Hy,
predicted by Eq. (4.5), has been verified at room temperature
(Fig. 4.8). Moreover, still at room temperature, no doping (i.e.,
(L)-) dependence of A(py) have been found (Fig. 4.9), indicating
that, for T ~ J(= 285K), Eq. (4.5) holds independently on the
chain length up to (L) > 10.

The behavior of A(Sj-,) given by Eq.(4.5) could be obtained
by extxapoldtmg at high temperature the expectation value of the
ulge spins Cal< ulated by using only the lowest energy states (singlet
and triplet) of the finite chain, provided they are degenerate. This
suggests that the excited states above the Haldane gap do not play

z: 0.04 -
N
i
)
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N
0.02 ~
000 )l | 1 ] L | A | 1
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Figure 4.12: Temperature dependence of the impurity-induced magne-
tization at the edge sites (I = 1), as deduced by the shift of the peak
pr=1 in Fig. 4.7, through Eq. (4.4). The solid line is a Curie function
for 5 = 1/2 spins in Hy = 14.1T (Eq. (1.5) in the text).
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an important role in the staggered magnetization at sites J = 1.
Instead, as it appears from the analysis of the spin-spin correlation
reported in the following, the levels above Ay substantially affect
A(S%) for I # 1.

Fig. 4.13 a) reports the I-dependence of |A(S?}| extracted from
the shifts A(pj) in YzBaNiohgsl\’Igo‘(mOg,, at T > 100K. ‘A(Sf” is
well fitted, at all temperature, by the exponential law

|A(ST)T)| = |A(Si=y)(T)] e~ DD (4.6)

which provides the characteristic decay length £(T') of the impurity-
induced magnetization. As shown in Fig. 4.13 b), {(T') obtained in
this way is very close to the values of the infinite-chain correlation
length £, calculated by Kim et al. [Kim 98]. This indicates that
the picture of boundary defects, which reflects the bulk correlation
of an infinite chain, holds not only in the Haldane phase (T' < Ap)
[Polizzi 98], but also for Ay < T < J.

At low temperature the progressive increase of the width of the
NMR peaks (see Fig. 4.7) prevents a meaningful analysis of the
boundary magnetization through the direct method used for T' >
100 K. However, the characteristic shape of the NMR spectra clearly
indicates the persistence of field-induced staggered magnetization.
The origin of the broadening, which lead the multipeak structure to
merge into a broad line on decreasing temperature, is likely related
to the distribution of chain lengths around the average value (L),
as discussed in the next Section.

Let us finally observe how the magnetization at sites far from
the edges is practically unaffected by the finite size in the 2 = 0.05
compound (Fig. 4.10). This indicate that the Haldane gap (defined
for the open chain in Section 4.1) already takes for (L) ~ 20 its
thermodynamic value Ay ~ 100K. In a sense, such conclusion
is not surprising. The correspondence £++¢,, established above in
fact, suggests that the extension of boundary-defects is always less
the £(T = 0) ~ 6. So, in a chain of about 20 sites, there are
a number of central ions which "never know that the system 1is
finite”. In the same spirit, one expects that K (T') in the z = 0.10
sample tracks the temperature behavior of the lineshift in pure
Y,BaNiOs down to T ~ 100K, where {(T) ~ (L}/2 ~ 5. This
1s indeed the case, as shown in Fig. 4.10. Further studies are
necessary to clarify the situation when £(T') becomes larger than

(LY/2.

69



0.05F @ ~ ' T T U T T3
x T ]
@ r 100K
<
v
0.01 7
150K
, , BlK 200K
1 2 3 4 5 6
I (lattice units)
10- v v 'lTY' Lag
|
=
3
D
8
o
-
1 i N i
100 500
T (K)

Figure 4.13: a) Site dependence of the staggered magnetization deduced
by the shift of the satellites from the central peak in Y;BaNig gsMgp 0505
spectra taken at vgr = 29.4 MHz. Solid lines are fits (Eq. (4.6) in the
text), defining the decay length £(T) of the boundary magnetization.
b) Comparison of the experimental £(T") value (full squares) and the

infinite' chain correlation length £, (T) (up triangles) as calculated in
Ref. [Kim 98].
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4.5 Models for ”intermediate temperature”: pre-
liminary results

The correspondence between € and €., deduced from the NMR data
in YQBa.Nil_I.VIgrOg

has an intnitive justification. Since translational invariance is bro-
ken by impurities, it is natural to expect that the edge-spin mag-
netization will differ from the "bulk” value (SZ). Once assumed

(o
this, it seems very reasonable that (S7) recovers (S7) on a typi-
cal length-scale fixed by the spin-spin correlation function of the
unperturbed system. However, from a formal point of view the
equivalence €3£, is hard to prove, particularly for Ay < T < J.
In this temperature range in fact, one cannot use high-temperature
expansions, being too far from the paramagnetic limit 7 >> J. At
the same time, low-temperature approaches neglecting the states
above the Haldane gap are clearly inappropriate.

A phenomenological model, suitable to reproduce the experi-
mental findings reported in this Chapter, has been recently pro-
posed [Santachiara 99]. Following the idea of Sorensen and Affleck
[Sorensen 94|, Santachiara uses an effective field theory description
for the Heisenberg hamiltonian and replaces open boundaries by
an additional S = /2 degree of freedom at each end of the chain.
Then the response of the system to an external magnetic field is
calculated for T > Ap. The interaction of the edge spins with
the effective field describing the chain is shown to induce staggered
magnetizatior, localized at the boundaries and exponentially de-
caying on the length-scale €.

Another possible way to approach the problem is based on the
observation that, for T > Ay, the correlation properties of classical
and quantum spin chains should merge [IKim 98]. Monte Carlo
simulations of Heisenberg chaivs with open boundary conditions
are in progress to evaluate site and temperature dependence of (57)
in the limit S — oo [Botti 99]. Althongh very preliminary, these
numerical results provide a picture rather close to the one obtained
from NMR in Y;BaNi;_,Mg,0O5. Mocreover, this computational
analysis allows us to attribute the broadening observed in the peaks
in Fig. 4.7, (which leads to loose the spectral resolution below
T = 100K, to the distribution of chain lengths around the average
value (L). The spread of hyperfine fields due to the L-dependence of
(S7), in fact, turns out of the same order of the observed linewidths.
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4.6 %Y NMR in Y,BaNi,_ ,Mg,O;5 wvis a vis to
similar experiments

Several experimental evidences of "edge states” in Haldane com-
pounds have been reported in literature. In particular, the signal
coming from impurity spins has been observed by low-temperature
ESR [Hagiwara 90, Granroth 98, IKimura 98|, and suggested to cor-
respond to S = 1/2 degrees of freedom. Also the Schottky-like
anomaly in specific heat, which at first was interpreted as due to
S =1 states [Ramirez 94, turns out to be explainable in terms
of S = [/2 excitations [Batista 98a]. However, ESR and specific
heat results prove the existence of extra-levels induced by spinless
impurity without resolving the site dependence of (S7). By the
3Y NMR study in Y,BaNi;-,Mg,Os presented here instead, (S?)
has been imaged site by site, and its temperature evolution has
been probed in a wide temperature range.

Recent studies of various low-dimensional HAF’s, such as S =
1/2 spin chatus [Takigawa 97], spin ladders [Fujiwara 98] and 2D-
cuprates [Bobroff 97, Julien 99], showed that nonmagnetic impuri-
ties induce a considerable broadening of the NMR spectra. This
broadening has been attributed to the hyperfine field caused by
staggered moments on sites around spinless ions. However none of
these studies led to resolved spectra. Therefore, in order to ob-
tain information on the correlation length, specific models of the
spin susceptibility have been used. In the best cases, useful in-
sights are obtained in such way, but often model dependent. In the
present work, the real-space dependence of the spin polarization
have been simply deduced by the shift of resolved satellites peaks
in the NMR spectra, providing a model independent picture of the
impurity screening, and thus giving a direct access to £. The power
of NMR in probing the local response of low-dimensional HAF’s
turns out enforced by this study.



Chapter 5

The hole-doped spin 11qu1d
Y, ,CayBaNiOs;

Considerable interest has recently arisen in 1ega,rds of the modifi-
cations occurring in spin liquid systems upon carrier injections. In
the present Chapter this subject is mvestlgated by magnetic sus-
ceptﬂnhty and #Y relaxation measurements in Y;_,Ca,BaNiOs.
Novel spin excitations, induced in the S = 1 chain through the het-
erovalent substitution Ca?* —Y3*, are evidenced. The results from
spin-lattice relaxation are consistent with a phenomenological pic-
ture of mobile holes which tend to localize, on cooling, generating
effective magnetic moments in the AF-correlated background. The
occurrence of these extra-moments is also detected at low temper-
ature by homogeneous susceptibility, and the slowing down of their
local fluctuations is argued to cause the dramatic enhancement in
the spin-spin relaxation rate observed below T =~ 120K.
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5.1 Introduction

The nature of the charge-defects introduced in Y,BaNiOs by Ca-
doping has been investigated by polarized X-ray absorption spec-
troscopy [DiTusa 94]. The holes are found to have mainly O-2p,
character, i.e. they reside in the oxygen orbitals directed along the
chain-axis a. Electric resistivity in the a-direction is strongly re-
duced upon Ca-doping [DiTusa 94], pointing out that extra-holes
can move on the S = | chains. Then, a great deal of interest has
arisen in regards of the spin dynamics associated to hole hopping.

Starting from a multibandhamiltonidn including nickel and oxy-
gen orbitals, Dagotto et al. [Dagotto 96] have derived an effective
one band model for Y,_,Ca,BaNiOs, using an approach similar to
that proposed by Zhang and Rice to reduce the two-dimensional
multiband Hubbard hamiltonian to the ¢ — J model [Zhang 88]. In
Ref. [Dagotto 96], holes are described as S = 1/2 states at the
Ni-sites propagating along the S = 1 chain. The magnetic struc-
ture factor evaluated in the framework of this simplified picture
reveals excitations inside the Haldane gap. Batista and collabo-
rators [Batista 98b] have somewhat criticized the model used in
[Dagotto 96|, and proposed a different approach starting from a 1D
reduction of the van Elp Hamiltonian for NiOg clusters [van Elp 92].
This leads to a dynamical structure factor characterized by several
peaks inside the Haldane gap, including excitations at almost zero
energy.

Recent studies in Li-substituted 3D-AF NiO [Corti 97] have
shown that low-energy components in the Ni** spin dynamics, in-
duced by injected holes ,; can be readll) detected by NMR relaxation.
In particular, two maxima in Li spin-lattice relaxation rate 1 /Ty
have been found as a function of temperature, superimposed to the
background due to magnon-scattering. The peak at higher temper-
ature was interpreted as a signature of charge freezing, i.e. of the
slowing down, on cooling, of magnetic excitations accompanying
the hole-hopping. The lower temperature peak was instead related
to the local fluctuations of the effective magnetic moments induced
in the AF matrix by charge-localization. Muon relaxation experi-
ments confirmed this picture, pointing out a broad distribution of
decay rates as typical in spin-glass-like systems [Tedoldi 99a].

In the light of these previous studies, 32Y NMR relaxation has
been used in the search of low-frequency components in the dynam-
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Figure 5.2: Magnetic susceptibility in Y,_,Ca,BaNiOs for different
Ca-concentrations (from Ref. [Tedoldi 98]).

Standard pulse NMR techniques have been used to measure
8Y relaxation times in Y,_,Ca,BaNiOs*. The recovery of the
nuclear magnetization M,(7) along z//H, is exponential at high
temperature and turns to a multi-exponential behavior on cooling
(Fig. 5.3 a) and 5.3 b)). A phenomenological stretched-exponential
function of the form '

M.(00) = M.(1) (/)P
M, (o0) o

il

y(7) (5.1)

has been used to fit the experimental data and to deduce an effective
value of the spin-lattice relaxation rate (Fig. 5.3 c)).

In Ca-doped Y,BaNiOs, the intensity of the NMR signal is
strongly reduced on decreasing temperature, preventing accurate
measurements of T} below 100 K. This effect is due to a drastic
shortening of the spin-spin relaxation time T upon Ca-substitution
(Fig. 5.4). T, represents the typical irreversible-decay time of the
nuclear magnetization in the plane perpendicular to Hy [Slichter].

*‘BRUKER spectrometers MSL.200 and AMX400 equipped with 5.9 T and 9.4 T
OXFORD superconducting magnets have been employed.
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ical structure factor of Y,_,('a, BaNiOs. As shown in the following,
Y 1/T, is increased by Ca-doping, with a maximal difference with
respect to pure Y,BaNiQOs around 150 K. In addition **Y spin-spin
relaxation rate l/T;, shows a dramatic enhancement below 7' ~ 120
K. These findings ‘indicate the onset of doping-induced spin fluctu-
ations at very low frequency, in agreement with theoretical pre-
dictions [Batista 98b]. Magnetic susceptibility measurements have
been also carried out, showing the occurrence of effective Curie-like
moments at low temperature, sign of hole-localization.

5.2 Experimental results

Magnetic susceptibility (y) has been measured by a SQUID! on z =

0.06 and z = 0.018 powder samples® of Y,_,Ca,BaNiOs between
3.5 K and 250 K.

0'015F_ - R— : : 0.015

| a) y=0.06 b) y=0.18

' o FC - a FC

2 .
o.oosT. A -10.005
\ = \

1 R s—
0.000% : - - - 0.000

0 100 200 0 100 200

T(K) T(K)

Figure 5.1: Magnetic susceptibility in Y,_,Ca,BaNiOs: comparison be-
tween field-cooled (FC) and zero-field-cooled {ZFC) conditions.

X 18 insensitive to the magnetic field strength at least up to
0.5T and no difference between field cooled and zero field cooled
data has been detected® (Fig. 5.1). The susceptibility of Ca-doped
compounds and of nominally pure Y,BaNiOs are compared in Fig.
5.2.

'METRONIQUE INGEGNERIE SQUID Mos.
?For synthesis and characterization of the samples see Appendix.
*History dependent susceptibility has been observed only below 3 K [Kojima 95].
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Figure 5.3: a) and b) Typical recovery plots y(r) =
[M.(o00) — M,(7)]/M,(cc) of the 39Y nuclear magnetization along
in Yo_,Ca,BaNiOs. Results at selected temperatures in Hp= 5.9 T
are reported. On decreasing temperature, one has a clear departure
from single exponential behavior, suggestive of the progressive onset of
static disorder. The spin-lattice re1a,xat10n rate 1/7) has been extracted
by fitting the data according to Eq. (5.1) in the text (solid lines). c)
Spin lattice relaxation rate as a function of temperature, for different
Ca-concentrations, in Hy =5.9 T (frem [Tedoldi 98]). Dotted line
corresponds to the exponential function (3.9), fitting the data in pure
Y;BaNiOs. Solid line is the best fit of the results for y # 0 according
to the phenomenological model (5.2).

Besides justifving the vanishing of the NMR signal at low tempera-
ture, the observed enhancement in 1/7, provides, as discussed later
on, important insights on the spin dynamics at frequency w = 0.
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Figure 5.4: #Y spin-spin relaxation rates in Y,_,Ca,BaNiOs. T has
been defined as the time at which the nuclear spin-echo amplitude is
reduced to a factor 1/e of its maximal value. The dotted line represents
the behavior expected for the spin-spin relaxation rate on the base of a
crude extension at w = 0 of the phenomenological model accounting for

1/T: (Eq. (5.2)).

5.3 Analysis and discussion

Let us start by comparing 3*Y spin-lattice relaxation in pure and
doped Y,;BaNiO;. As shown in Fig. 5.3 ¢), 1/T} is increased by
Ca-doping, particularly around 150 K, pointing out an enhance-
ment of low-frequency spin fluctuations. A possible explanation for
this effect is suggested by the temperature behavior of the recov-
cry laws (Fig.s 5.3 a) and b)). The evolution of M,(7) towards
the equilibrium is single-exponential at room temperature, indicat-
ing that ®Y nuclei probes magnetic fluctuations which are the
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same all over the system on the timescale of the nuclear Larmor
frequency wy ~ 107571, On cooling, the recovery of M,(r) turns to
a multi-exponential behavior, typical of spatially-inhomogeneous
relaxation. These features suggests a scenario in which the low-
energy spin dynamics is sensitive to hole-hopping processes, having
a characteristic frequency wy, that decreases on decreasing temper-
ature. In such a picture, the changeover from single- to multi-
exponential behavior in the recovery laws is the sign of the slowing
down, on cooling, of the hole-motion towards frequency of the order
of wy, accompanied by the onset of site dependent spin fluctua-
tions. Then one can try to describe phenomenologically the spin-
lattice relaxation rate in Y,_,Ca,BaNiOs, by adding to the func-
tion 1/T1(T,y = 0) (reproducing the temperature behavior of the
relaxation rate in Y;BaNiOs), an extracontribution accounting for
the effect of hole-diffusion. Following for simplicity the treatments
developed for other charge-doped AF’s [Carretta93, Carrettad4,
Corti 97], I will tentatively describe hole-induced spin fluctuations
by a g-integrated structure factor of Lorentzian form, involving an
effective therrnally activated hopping-time 7,(T) = 10€F9/T. Then
the total spin lattice relaxation rate can be written

T(T)
1+ wiyrd(T)’
with the term 1/T(T,y = 0) given by Eq. (3.9). As shown in
Fig. 5.3, the model (5.2), with 70 = 3-107'%s and E, = 580K,
reproduces the experimental findings for y = 0.06 and y = 0.18
(solid line). At variance with the results in Li-doped NiO [Corti 97],
one does not observe an increase in 1/7T; passing from y = 0.06 to
y = 0.18. The reasons for this behavior can be searched in the
abatement of single-hole mobility upon increasing doping, due to
reduced dimensionality.

As anticipated, relaxation measurements in Y,_,Ca,BaNiO; be-
low T' ~ 100K are made difficult by the fast decay of the echo-
signal. Two mechanisms contribute in general to the echo de-
cay. The first one is related to nucleus-nucleus dipolar interaction.
This term is expected to be only slightly doping- and temperature-
dependent and thus cannot explain the divergence of 1/T, observed
in Ca-doped samples (Fig. 5.4). A second contribution is instead
related to zero frequency components of the g— integrated dynam-

1

1
= (T,y) = F(T,y =0) + Ay
- 4]

T (5.2)
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ical structure factor, namely

il—,z-ocZS(q,w=0). (5.3)

q

Thus, the dramatic enhancement in 1/73 below = 120 K is another
signature of significative low-energy spectral weight in S(gq,w). The
data in Fig. 5.4, on the other hand, cannot be simply justified
by the extrapolation at w = 0 of the ”charge-freezing” picture
accounting for the temperature behavior of 1/T} (see dotted line
in Fig. 5.4). Thus, an additional doping-induced process seems
to take place, with a characteristic frequency w, << wy. This
could be possibly related to a cooperative slowing down of the lo-
cal fluctuations involving effective magnetic moments induced by
hole-localization.

The occurrence of low-temperature ”localized” defects induced
by Ca-doping in Y,BaNiOs is clearly evidenced by magnetic sus-
ceptibility (Fig. 5.2). x(T,y) is enhanced at low temperature, while
the difference y(T,z) — x(T, 0) tends to vanish for T — co. In the
framework of the model sketched above, one can describe the ef-
fects of doping on the low temperature susceptibility in terms of
an effective " Curie-Weiss” extra-contribution superimposed to the
AF-correlated background. Thus x(7T,y) below 150 K has been
fitted by the law

X(T y) = XB(T’ 0) + T_g(@L(y)- ’ (54)

using for xp the chain susceptibility of pure Y,BaNiOs (see Sec.
3.4). The values of C and O obtained in this way are reported in
Tab. 5.1. In the last column of the table, the number of S = 1/2
spins per Ca-ion which would give a paramagnetic contribution
of weight C are reported. For y = 0.06, one has n ~ 3. This
evidence can be explained by a model in which each O-type injected
hole interacts antiferromagnetically with the background, forming a
singlet with one hole on a neighboring Ni** and leaving an effective
S = 1/2 spin on this latter and two on the adjacent "chain ends”.
Such a picture:breaks down for z = 0.18, where one founds n = 1.7.
This however is not surprising. In fact, due to the small distance
between two defects in the sample ((L) ~ 1/z ~ 5), one expects
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y C (emu K/mole) 6 (K) =
0.06 1.0-107! 6.5 3.3
0.18 1.6-1071 91 1.7

Table 5.1: Curie constants and Curie-Weiss temperatures extracted from
the best fit of the data in Fig. 5.2. n is the number of = 1/2 spins per
Ca-impurity giving a paramagnetic term of weight C.

strong interaction between edge spins on the same chain and thus
significative departure from a simple Curie-like behavior.
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Appendix.
Preparation and
characterization of

Y-sBalNiOs-based samples

The powder samples studied in the present work have been syn-
thesized at the Chemistry Physics Department of the University of
Pavia.

Pure Y,;BaNiQs was prepared starting from a stoichiometric
mixture of Y;O3, NiO and BaCOj;. After a pre-treatment up to
1373 K to decompose the carbonate, the sample was fired up to
1473 K for about 48 h and then to 1523 K for about 60 h. The
structure of Y,;BaNiOs has been determined from X-ray powder
diffraction Rietveld analysis at room temperature, after the last
thermal treatment at 7' = 1523K [Massarotti 99]. The compound
turns out orthorombic (spatial group Immm), with lattice parame-

ters ¢ = 3.759 A, b= 5.759 A and ¢ = 11.327 A, in full agreement
with previous determinations [Buttrey 90].

z = 0.05 and z = 0.10 samples of Y;BaNi,_,Mg,0Os have
been obtained from the reactive system Y,03/BaCO3/NiO/MgCO3
(in molar ratio 1:1:(1-x):x), through the thermal treatment used
for Y,BaNiOs. X-Ray diffraction indicates the formation of sin-
gle phase compounds with the same lattice parameters of pure
Y,BaNiOs and provides an estimate of the real amount of Mg-
doping, which turns out practically coincident with the nominal
concentration z. It is worth to mention that the same magnetic
perturbation induced by Mg-substitutions in Y,BaNiOs Q.e. the
chain-breaking) could be expected to arise also from Zn**—Ni**
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substitution. The presence of Zn at the Ni sites, however, tends to
give rise to NiOs coordination instead of the usual NiOg octahedral
coordination, so affecting the peculiar one-dimensional character of
the system [Bini 99].

Y,-,Ca,BaNiQ; samples were prepared starting from the mix-
ture Y,03/CaCOs/ /BaCO3/NiO/ in molar ratio (0.9):0.1:1:1 and
(0.8):0.2:1:1. X-ray powder patterns show that Ca** ions substitute
Y3* in equivalent positions for effective concentrations y = 0.06 and
0 = 0.18 respectively, with weak modifications in the lattice con-
stants. Further details are given in [Massarotti 99].
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1 Introduction

The aim of our research is to investigate the properties of a new kind
of particle detectors based on particle induced infrared emission
rather thar visible or ultraviolet scintillation[1]-[L1]. The first step
in this dircetion is to identify materials that efficiently convert the
energy of an ionizing particle into infrared photons (light yield!
larger than 20000 photons/MeV).

Among the samples investigated so far, gaseous Xenon at room
temperature and nearly atmospheric pressure is an interesting can-
didate. In the wavelength region between 0.8 and 1.7 pm, its light
yield is 21000£3000 photons/MeV[4]. The emission was initially as-
cribed to radiative decays of highly excited Xenon atoms[4] because
in the visible to near infrared region (up to 0.9 pum) the spectrum is
clominated by atomic transitions [12'-[14], and a similar behaviour
is expected at higher wavelength (see [15] and references therein).
Furthermore, our preliminary measurements of proton-induced in-
frared specira in gaseous Argon are not in contraddiction with this
hypothesis[6], although the signal-to-noise ratio of the spectra is too
small for a clear identification of the atomic transitions involved.

However, atomic transitions are not expected to be so intense[15].
The infrared light yield in gaseous Xenon is of the same order of
magnitude of the well known vacuurn-ultraviolet scintillation light
yield (~20000 photons/MeV[16]). This emission (called second con-
tinuum) is ascribed to the radiative transitions from the bound ex-
cimer states "X} to the digsociative excimer state 'X¥[17] and
dominates over atomic decays. Since during the passage of an ion-
izing particle higher excimer levels are populated as well[17, 18],
it is reasonable to rise the question if the infrared emission might
be the result of a radiative transition among these higher excimer
States.

It order to clarify the phenomenology observed, we realized an
experimental facility for systematic measurements of the emission

"The light yield is defined as the number of photons emitted per unit of
energy released by the particle.

94



Electron Spectrum
Electron |
G un S P \//\
ol W
Ionization Infrared
Chamber Emission
FFT-IR
Spectrometer

Figure 1: A scheme of the experimental apparatus.

spectra induced by ionizing particles in noble gases. In this paper
we describe the technical details of this instrumentation.

2 Experimental details

A simplified lay-out of the experimental apparatus is shown in figure
I. A pulsed etectron beam. produced by an homemade electron
gun, enters an ionization chamber fillad with the gaseous sample. A
Fast-Fourier-Transform Michelson spectrometer (FFT-IR) analyzes
the infrared light at the exit of the chamber. The experimental
apparatus can be divided into three main devices: (i) the electron
gun, (ii) the iouization chamber. and (iii) the FFT-IR spectrometer
(see also figures 2 and 3).
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Figure 4: A schematic view of the electron gun.

2.1 The electron gun

The homemade pulsed electron gun is represented in figure 4. Elec-
tron bunches are prodiced in a high vacuum stainless steel chamber
(hereafter called extraction chamber) by means of photoelectric ex-
traction from a metallic cathode. The cathode is kept at negative
voltage with respect to a centrally pierced metallic anode, set in
front of it and kept to ground. The photoelectrons are therefore
accelerated by the electric field towards the anode, exit the extrac-
tion chamber passing through the anode hall, and enter an high
vacuurmn stainless steel beam pipe. In the beam pipe, the bunches
are magnetically focused and bent towards the entrance of the gas
chamber.

The extraction chamber and the beam pipe are kept at a vacuum
level of the order of 10~% mbar or less by means of two consecutive
turbo-molecular pumps coupled with a rotatory pump. This avoids
high voltage discharges in the extraction chamber and beam losses
in the beam pipe.

o8



30 mm
Pierced Anodce

Electron Beam
—_ Laser Beam

P el

Negative Electrode Brass Cathode |

- a GGlass Window

Figure 5: A drawing of the electrodes of the electron gun.

Photoelectric extraction is realized with a Ne-Ar-F excimer laser
(Lambda Fhysik) that emits 192 nm wavelength photons in 50 ns
long bunches at a maximum rate of 100 Hz, with an emission power
of 10 mnJ. The photons enter the beam pipe through a MgF, win-
dow. pass through the anode hall. and hit frontally the photocath-
ode (see figure 4).

The photocathode is a brass plate. polished with a 0.25 pm di-
amond paste and fixed onto a stainless steel electrode. The pierced
anode is also of stainless steel. The shapes and the dimensions of
the electrodes. reported in figure 5. ave designed for maximizing
the charge output of the electron gun. The cathode is connected
to a power supply (RHR120W Spellman) that provides a negative
voltage up to -100 kV. while the anode is kept to ground.

Near the anode. at the beginning of the beam pipe, a coil mag-
netic lens focuses the electrons. Other two couples of smaller coil
magnetsi correct the trajectory of the electrons in the plane orthog- -
onal to the beam pipe direction. Finally. a coil bending magnet
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electrons per bunch.

accomplishes a 90° rotation of the beam direction, towards the gas
chamber entrance. All the magnet currents can be adjusted in order
to optimize the direction and spot-size of the electron bunches.

Before entering the chamber, the electrons pass a collimator
made by a centrally pierced metallic plate. The hall is aligned with
the entrance window of the gas chamber, and its diameter is equal
to the entrance window diameter. The plate 1s connected to an high
impedance (1 MQ) channel of a digital oscilloscope. This collimator
is used to periodically measure the mean number of electrons per
bunch.  Adjusting the current on the coils of the two deflection
magnets or of the bending magnet, we make the bunches collide
against the metal. A typical signal corresponding to a collision of
an electron bunch is shown in figure 6.

Integrating this signal by means of the oscilloscope computa-
tional options, we obtain a direct measure of the charge per bunch
at the end of the heam pipe. Values up to 10 nC/bunch can be
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Electron Pulse Pulse Charge Spot
energ duration | frequency per bunch size
np to 100 keV | 50 ns [ 1to 100 Hz [ up to 10 nC | 3 mm

Table 1: Electron gun properties

reached.

The collimator can be also used as a monitor for the beam di-
rection and divergence. Its metallic surface faced to the beam pipe
is covered with a thin filin of fluorescent material. In front of it,
in the position reported in figure 4, a CCD-camera detects the flu-
orescence light induced by the electrons that collide against the
collilmator. The minimum spot size that can be obtained is about
3 mim.

In table 1 a summary of the electron gun properties is reported.

2.2 The ionization chamber

A schematic view ol the ionization chamber is reported in figure 7
(see also figure 8). It consists of a stainless steel cylindrical cham-
ber. mounted with the basis orthogonal to the beam direction.

The electrons enter the chainber passing a 3 mm diameter Kap-
ton window on the center of one of the two basis of the cylinder.
The thickness of the Kapton foil is 13 ym. Using the National
Institute of Standards and Technology data for the energy-loss of
electrons in Kapton[19]. it can be estimated that a 100 keV beam
looses approximately 7.1 keV passing of the entrance window. For
lower energies, we refer the reader to figure 9. At room tempera-
ture. the pressure inside the chamber can be set up to nearly 20 bar
before bresking the Kapton foil. Thus. measurements of gaseous
samples at pressure up to 20 bar can be performed.

The infrared light exits the chamber passing through a quartz
window opposite to thie entrance window. The transparency of the
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Figure 7: A schematic drawing of the ionization chamber.

quartz window in the infrared range is given in figure 10. The
thickness of the window is 1 em. The aperture diameter is also 1
cm, while its distance from the entrance window is 5 em. In table
2, the range of 100 keV electrons in Ne, Ar, Kr and Xe at rooin
temperature is given as a function of the gas pressure. It can be seen
that. except for Ne, and for pressure higher than ~ 2 bar, almost
all the electrons are stopped before hitting the quartz window.
The chamber is connected to a bottle containing the gas with
a nominal purity of about 10 ppm, to a vacuum pump and to a
recirculation system equipped with an 0.1 1 purifier cartridge (Ox-
isorb, Messer) (see figure 11 and 12). The chamber is evacuated
down to 107" mbhar before each gas filling by means of a turbo-
molecular pump coupled with a rotatory pump. After the filling, a
recirculation pump forces the gas to flow continously through the
purifier cartridge during all the measurement time with a flow rate
of the order of 11/min. This technique allows to keep the gas purity
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Figure 9: Energy of the electrons after the passage of the entrance
window.
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Figure 10: Transparency of the quartz window. In the opinion of
the authors of the measurements, values higher than 100% are due
to systematic errors and must be considered as 100% value.
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1 bar | 2 bar | 3 bar | 4 bar | 5 bar | 10 bar | 20 bar
Ne | 21.0 10.5 7.0 D.2 4.2 2.1 1.0
Ar | 123 | 6.1 4.1 3.1 2.5 1.2 0.6
Kr| 69 3.4 2.3 1.7 1.4 0.7 0.3
Xe | 4.9 2.4 1.6 1.2 1.0 0.5 0.2

Table 2: Range of 100keV electrons in rare gases (in cm)

higher than 1 ppm. so that spectra features induced by impurities
can he neglected.

2.3 The FFT-IR spectrometer

The infrared spectrum is performed by means of a FFT-IR spec-
trometer (Bruker Equinox55) whose entrance faces the light exit
window of the ionization chamber. A schematic view of its most
important optical hardware is shown in figure 13. The infrared
light produced inside the ionization chamber is focused onto the
KBr beam splitter of a Michelson interferometer. The beam split-
ter allows half light to pass through while it reflects the other half.
The two splitted beams are reflected back to the beam splitter by
two difterent mirrors. One of the two mirror is located at a fixed
distance L from the beam splitter. The distance of the other mirror
(hereafter called moving mirror) from the beam splitter is L + «,
where z is an adjustable distance. Thus the two parts of the split-
ted beam pass again through the beain splitter after a total path
length of 20 and 2(L+x). When the two halves of the beam recom-
bine on the beam splitter. they have an optical delay of 2z. The
recombinec. beam is finally focused on an infrared detector that
measures the intensity I of the light as a function of the moving
mirror displacement xz. The function I(x) is usually called inter-
ferogram. For example. in an ideally monochromatic emission at
wavelength A, the interferogram is:
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I(r) = S(v) cos (2mva) (1)

where S(v) is the intensity of the monochromatic line located at the
wavenumber v = A\~!1. In a more general case, when the emitted
light is not monochromatic. the interferogram is given by

() = R { / S(u)e-ml‘du} )

To obtain the speetrumn, it is necessary to measure I in correspon-
dance of several values of x and calculate the real part of its Fourier
Transform:

S(v) o R {/ J(g:)ez""-”d;c} (3)

It is important to have a precise measurement of x before mea-
suring I{x). For this reason, the moving mirror is mounted on a
step-motor controlled by an electronic board (TC-20, Bruker Op-
tics) (hereafter called mirror-board). The monochromatic light of
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Figure 13: A schematic view of the spectrometer’s optics.

a He-Ne laser enters continuosly into the interferometer. The in-
terference of the He-Ne laser light at the exit of the interferometer
is read by a photodiode sensitive in the visible region. The output
of the photodiode is sent to the mirror-board that stops the mirror
only in the positions for which a maximum or a minimum of inter-
ference is measured, ie. for 2z = i\,_}, where A* = 633 nm is the
emission wavelength of the He-Ne laser. The positions z at which
the intensity I can be measured are

A A \* A
.,L--n'T,L—(7L—1)*I,...,L—Z,L,L-F-ll—,“.,
% A

...,L-I-(77,—1)~—4—,L—|—n'—4—,...

where n is a natural number.
For these values of z. the intensity I of the infrared light at the
exit of the interferometer is measured by an InGaAs photodiode
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Figure 14: Spectral response of the InGaAs photodiode.

(G5832-05, EG&G). kept at room temperalure. The diameter of
the photodiode is 5 mm. Its spectral response is given in figure 1[4,
In figure 15, we report the electronic configuration of the read out
systeni.  The photodiode is biased by means of a reverse voltage
of +1.5 V and of a 10 M resistance (nominal value). With this
set. up, the nominal dark current is of the order of 10 nA and the
nominal capacitance is approximatelly 3.5 nF.

The output of the photodiode passes through a 4.7 nF capaci-
tance (nominal value) and cnters into a charge amplifier[20]. The
integration factor of the charge amplifier is equal to 0.25 mV/fC
and its decay constant is 400 us. The charge amplifier is connected
to a shaper amplifier (EG&G. Ortee 575A), whose shaping time is
3 ps. Tts gain can be adjusted from 2 to 100. In figure 15 we show
a typical signal obtained in correspondence of an electron bunch.
This signal is sent to an electronic board (PAD82a, Bruker Optics)
(hercafter called mother-board) installed into a personal computer
and connected to the mirror-board. The mother-board performs
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Figure 15: Scheme of the electronic read-out system of the InGaAs
photodiode.

a fast analog-to-digital conversion of the signal and stores on the
computer the value of z (sent by the mirror-board) and the digital
value of /().

For the measurement of the complete interferogram, we use the
so-called Step Scan Technique. that proceeds according to the fol-
lowing scheme.

l. The mother-board orders the mirror-board to put the moving
mirrer in its innermost position r = L — x,,.

2. The electron gun shoots one electron bunch.

3. The mother-board performs the AD conversion of the signal
coming from the infrared photodiode.

HThe AD conversion is quite complicated. In this contest, however, we just
underline thet the digital number 7(z) is proportional to the maximum of the
signal I(¢; z) reported in figure 15
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4. Steps 2 and 3 are repeated for N, times to increase the signal-
to-noise ratio. N, is given by the user before starting the
spectrum measurement.

The mother-board stores on the computer @ and the average
of Iy(x), ... In,, (1)

(@]

6. The mother-hoard orders the mirror-board to put the moving
niirrer one step forward r = x + s. where s is a multiple of
% depending on the resolution and on the spectral range
required by the user. The better the resolution required or

the larger the spectral range spanned, the smaller is s.

7. Steps 2 to 6 are repeated until the moving mirror arrives to
its outermost position @ = L + x,,. For z = L + z,,. only
steps 2 to & are repeated.

In this way, at the end of the acquisition, the user has a discrete
interferogram:

I(L = 23) (L= 2+ 8)s oo J(L)o o I(L+ 2 — 8), I(L + Zum)

The choice of N,,. of the resolution and of the spectral range
descrves a cornment. In principle, the maximum resolution is 0.1
an~! and the spectral range is between 5000 em~! and 15000 cm ™!,
In this case, even with N,, = 1, the acquisition of the spectrumn
would take several hours because the number of steps is equal to
Nty = 568000. This is not realistic not only for practical reasons,
but also for technical problems. If the acquisition is too long, in
fact. long term instabilities of the electron beam intensity intro-
duce a fluctuation of the infrared signal amplitude not connected
to the interferogram features. Usually. a compromise is reached
for Np >~ 50 and Ny, >~ 368. For these values. one obtains a
low noise spectrum in ten minutes. For Ny, = 568 and spectral
range between 5000 em™! and 15000 ¢em™!, the resolution is 100

cm~!. Without changing N,, and Ny.,. hence without increasing
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Figure 16: Fluorescent spectrum in Ar-Xe mixture excited by the
electron beam.

the measuring tine, better resolutions can be achieved in a spectral
region of interest by reducing the spectral range.

The deconvolution of the interferogram to the spectrum is per-
formed by a commercial software (Opus 3.3). A typical spectrum
of an Argon-Xenon mixture is shown in figure 16. The spectra can
be fitted with a Gaussian or a Lorentzian curve plus a baseline by
means of the same commercial software, that uses the Levenberg-
Marquardt algorithm for the minimization of the x? estimator[21].
However, this program does not calculate the ervor on the fitting
parameters. In the next chaprer we describe what we have done in
order to give an error estimate.

3 Calibrations and Tests

The experimental apparatus has been tested with infrared scintil-
lating crystals. We have irradiated a Al,O3(Ti) crystal, a YAG(Nd)

112



0.45
0.4 -
0.35

o
W

0.25
0.2
0.15

Amplitude (arb. un.)
(o]

=]

9200 9700 10200 10700

Wavenumber (cm™)

=)
o0

Figure 17: Fluorescent spectrum of YAG(Yh) excited by the elec-
tron beam.

and a YAG(YDh) crystal in this exper'mental set-up, and their well-
known lase: emission spectrum has been obtained. In figure 17 we
report. by way of example. the result obtained with a YAG(YD)
sample.

We have also tested and extended the fitting software in order
to give an error estiinate. We have written a Fortran77 program
that performs the it with the same algorithm of Opus 3.3. A
complete agreement of the results of the two programs has been
obtained. But in the homemade program an algorithm has been
developed with the aim to caleulate the statistical errors on the
fitting parameters. Since the standard deviation of each point of
the spectruni is not known (because the commercial program does
not estimate it during the Fourier Transforin procedure), we used
an unweighted algorithm[22. 23] that proceeds according to the
following scheme:

1. The program minimizes, respect to the fitting parameters £,
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&, the unweighted Y* estimator, defined by:

=3 = f@nén ) (4)

i

where y,; are the experimental values of the spectrum in cor-
respondance of the wavelength number z;, and f is the fitting
tunction. The minimizing procedure is performed according
to the Levenberg-Marquardt algorithm®.

™

Omnce the program has found the minimizing parameters £,
ko, it caleulates the standard deviation (assumed to be
the same for all the points of the spectrum) by means of:

o = ¥ ('.Ui — J"(’Jf»t%flv"f‘g:”))z (5)

(N —m)

where N is the numnber of the spectrurn points.

3. Using this estimate for o, the program calculates the covari-
ance matrix in correspondance of £1,... ,&n.

The method is rigorously correct if two assumptions are sat-
isfied: (i) the probability distribution of each spectrum point is
Gaussian, and (ii) all the spectrum points have the same standard
deviation. The first hypothesis is normally assumed by the users
ol the x? estimator, but the second one is not always satisfied.
However, we have no other means to estimate errors.
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