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Introduction and overview
of the thesis

In spite of intense research efforts along the last fifteen years, rele-
vant microscopic aspects of high temperature superconductors
(HTcSC) are still under debate. One of the major challenges for
understanding the microscopic mechanism underlying superconduc-
tivity in cuprates involves to the evolution of their properties with
the carrier concentration, from the underdoped regime to the Fermi

liquid metal (overdoped phase) passing through an anomalous metal.

This thesis work deals with the above mentioned issue. In partic-
ular, in the thesis the fluctuating diamagnetism above the critical
temperature and the microscopic quantities conveyed by 39Y NMR
in the Y;BayCu3O7_s (YBCO) family are studied upon variation
of the number of carriers in the CuQO4 planes.

It is known that in the compounds of that family the superconduct-
ing properties depend in a complicate way from the oxygen in the
chains (which controls the number of holes in the superconduct-
ing CuO; planes) and possibly from the oxygen ordering along the
chains. Therefore the heterovalent substitution by Ca?* for Y3t is
the best way to obtain the underdoped regime starting from ide-
ally chain-empty YBCQOg and the overdoped regime from chain-full
YBCO7, without affecting the chains.

In HTcSC, because of the small coherence length, high transi-
tion temperature 1 and marked anisotropy, a strong enhancement

10ptimally doped indicates the sample having highest transition temperature T¢.
The samples with hole concentration n, smaller or greater than the optimally one
are called respectively underdoped and overdoped. T¢ as function of n, has a bell-
bottomed trend and for particular values of the carrier concentration 7¢c goes to zero
(see Fig. 1.2).
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of the superconducting fluctuations (SF) with respect to conven-
tional superconductors is induced. In cuprates the transition region
is considerably smeared by SF’s, which can be detected in a wide
temperature range, up to 10-15 K above T. The formation of fluc-
tuating Cooper pairs results in the appearance of a diamagnetic
contribution to the magnetization, —M (T, H), on approaching
the transition from above. In general the magnetization of layered
superconductors can be theoretically described in the framework
of the Ginzburg Landau (GL) scheme, with the Lawrence-Doniach
Hamiltonian, in the vicinity of the transition temperature and for
magnetic field H <« Hgo(0) (Heo(0) critical field at which the
superconductivity is destroyed), when the contribution of short-
wavelength fluctuations is negligible (see References [1, 2, 3, 4] and
references therein). The size of fluctuating pairs £(7T") grows when
T" approaches T and consequently —M (7', H) should diverge near
the transition for any small fixed magnetic field, being equal zero for
H = 0. On the other hand very strong magnetic fields, comparable
to He2(0), must suppress SF. Therefore, the isothermal magneti-
zation curve —Mj (T = const, H) vs H has to exhibit an upturn.
This upturn can be quantitatively described in the framework of the
exactly solvable, for any magnetic field, zero-dimensional model|2],
namely superconducting granula at size much smaller than the co-
herence length. The experimental curves of My vs T obtained
for conventional BCS superconductors show that the magnetiza-
tion is quenched for fields as small as ~ 1072 H(0) (see Ref. [2]).
The value of the upturn field H,, in the magnetization curves can
be considered inversely proportional to the coherence length|2, 4].
In HT:SC the coherence length is so short that the decrease of
the diamagnetic magnetization on increasing the magnetic field,
for T' = T, has not yet been observed.

In the YBCO:Ca samples studied in this thesis and having hole
content n; different from the optimal one, marked deviations from
the behavior expected in the framework of the GL scenario have
been evidenced. The isochamp magnetization —M s (H = const,T)
vs 1" is strongly enhanced with respect to the one in the opti-
mally doped compound and the isothermal magnetization curves
—Mu(T = const,H) vs H show the upturn with the field, for
H <« Hes.

The presence of local, non-percolating, superconducting droplets
has been considered as a source of the “anomalous” diamagnetism



above Tc. A test of this hypothesis has been offered from the
search of magnetic-history dependent effects. It is known that in
YBCO the irreversibility temperature is not far from T and there-
fore if the anomalous FD has to be attributed to locally SC droplets
with Tpeeal > Tgesistive (hylk transition temperature), then differ-
ences should be detected between zero-field-cooled and field-cooled
magnetization measurements. The experimental findings regarding
the fluctuating diamagnetism are examined in the light of a the-
ory of phase fluctuations which takes into account the presence of
mesoscopic “islands” with non-zero average order parameter. This
theoretical approach successfully accounts for all the magnetization
curves, by considering the possibility that the superconducting is-
lands are above or below the local irreversibility temperature. A
full account of most of the experimental findings is thus achieved.

NMR spettroscopy allows one to study several microscopic prop-
erties of HT'¢SC, including in particular the correlated spin dynam-
ics. Information on the internal fields, antiferromagnetic (AF) Cu®*
correlation, density of states around the Fermi level, the spin gap
and /or the charge gap opening up at a temperature 7 above the
superconducting transition temperature 7T in underdoped samples
can be derived by NMR spectra and relaxation measurements|5.
The coexistence of superconductivity and magnetism can also be
studied.

In the SC compounds of YBCO family, Y nucleus, lacking of the
quadrupole moment and filtering out the AF correlation between
Cu?* pseudo-localized magnetic moments, is particularly suitable
to study the evolution with doping of the properties related to the
fermionic excitations spectrum of the carriers. From Knight shift
Ks and, to a less extent, from spin-lattice relaxation time T; mea-
surements the evolution with doping of the phase diagram and in
particular of the density of states p(Er) around the Fermi level,
have already been studied.

In this work the results obtained by a comprehensive 8#Y NMR
study are presented. Measurements of line width, dv, Knight shift,
Kg, echo dephasing time, T, and the spin-lattice relaxation time,
T4, in the temperature range 1.6 - 300 K have been performed,
in YBCO-type SC’s spanning from underdoped to the overdoped
regime. The evolution of the NMR quantities with doping is dis-
cussed both in terms of modification of the density of states p(FEr)
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and under the hypothesis of a generalized spin susceptibility that
includes the contributions due to excitations of charge and spin
degrees freedom. In the overdoped regime a non-conventional re-
lationship between Kg and T, is evidenced. In the underdoped
phases the effects of the spin gap opening in T; and Kg measure-
ments are pointed out. In the superconducting state of overdoped
compounds, the relaxation rates show the temperature behavior
somewhat expected (i.e. o 1/T%), with a slight shoulder around
the irreversibility temperature that can be attributed to the ther-
mal motions of the flux lattice lines. In underdoped compounds
dv increases for decreasing temperature, while T, shows a sharp
peak at T' = 7 K and increases again with decreasing temperature
below about ~ 4 K. The spin-lattice relaxation rate T;' shows a
maximum at the temperature generally called spin-glass freezing
temperature, T, & 8K. Correspondently the recovery law is not a
single exponential, but takes a stretched exponential character. The
behavior of the relaxation rate in underdoped regimes is discussed
in terms of low energy excitations due to sliding motion of orbital
currents coexisting with d-wave superconducting state. The overall
of experimental results suggest that different dynamics drive the
longitudinal and the transverse fluctuations of the local field to Y
site and that a certain revision of the commonly accepted view for
the microscopic magnetic properties in YBCO compounds would
be required in order to account for all the experimental findings.

In the following an outline of the thesis is reported.

The central body of the report is constituted by two Chapters
in which the experimental results regarding the fluctuating diamag-
netism and the %°Y NMR quantities behavior, from underdoped to
overdoped regimes, are described, respectively.

The first Chapter, instead, is devoted to the synthesis and the
characterization of our YBCO:Ca compounds. The structural, elec-
tronic and magnetic properties of YBCO:Ca's resulting from XRPD
(X-Ray Powder Diffraction), SEM (Scanning Electronic Microsopy),
EDS (Energy Dispersive Spectrometry), as well as from SQUID
(Superconductor Quantum Interference Device) measurements, are
described.

Chapter 2, the one about fluctuating diamagnetism, is organized as
follows. First a short introduction to the theory of SF, in particular

8



the Ginsburg-Landau scenario, is presented. The results obtained
in optimally doped YBCO samples are reported and briefly dis-
cussed, as an example where the GL theory is substancially appli-
cable. Then the magnetization curves obtained in overdoped and
underdoped samples are presented. A new elaboration of the the-
ory for phase fluctuations of the order parameter in a layered liquid
of vortices is shown to account for the experimental observations.
In the first part of Chapter 3 the NMR quantities Ty, T9, Kg, ov
are defined, with a recall of the basic theoretical background useful
for the subsequent discussion. Then the experimental results of 39Y
NMR are reported. Finally a comprehensive analysis of the data
and summarizing remarks are given.

Appendix A of the thesis describes the diamagnetic fluctuations
expected in BCS superconductor and the illustrative example of
M gB, is discussed. The breakdown of the finite-field theoretical de-
scription, with the onset of the upturn in the magnetization curves,
is emphasized.

Appendix B is devoted to the theory for the precursor diamagnetism
in underdoped and overdoped compounds in the framework of the
approach based on the phase fluctuations in a liquid of vortices.
In Appendix C an overview of the experimental results regarding
the effect of the magnetic field on the SF’s, as detected by NMR
measurements, is reported and briefly discussed.






Chapter 1

General properties,
synthesis and
characterization of
Y1_xCaxBagCugOy
superconducting
compounds

First a brief recall on structural and electronic properties of the
YBCO compounds is given, with emphasis on the effects of Ca?*
for Y3* substitution. Then the procedure used to synthesize the
underdoped and overdoped YBCOQ:Ca compounds is described. Fi-
nally the structural and magnetic characterization of the samples
used in the NMR and SQUID measurements is reported.

1.1 Structural, electronic and magnetic proper-
ties of YBCO-type crystals.

From the discovery of superconductivity in YBCO compounds Lﬁ]
several heterovalent and isovalent substitutions for Y3+ or Ba?**
have been devised in order to investigate the general properties
and their relationships in these materials|7, 8]. In particular the
heterovalent substitutions are of considerable interest, since they
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can substantially change the effective copper valence and the car-
rier concentration in CuQO; planes. In R;Bay;Cu3zOy (with R triva-
lent lanthanide ion or Y) the carrier density can be enhanced ei-
ther by increasing the oxygen stoichiometry or by on-site cationic
substitutions with dopants of lower valence state. By increasing
the oxygen stoichiometry, the copper valence in general can not
be increased beyond its optimal value (in correspondence to the
maximum in the transition temperature T), due to structural in-
stability. Furthermore also the oxygen order in the chain seems to
plays a relevant role in superconducting properties|9, 10, 11, 12].
The Y;_,Ca,Ba,CuzOg compound for x > 0.1[13] is an under-
doped chain empty superconductor, while the parent compound
Y;BayCu3z0Og is an antiferromagnetic insulator. The compound
Y1_xCa,Ba,Cuz07, instead, is an overdoped chain full supercon-
ductor, Y;Ba;Cuz0; being only slightly overdoped[14l. As a con-
sequence the heterovalent substitution of Y3t by Ca?* allows to
explore the whole phase diagram from the underdoped to the over-
doped superconducting regime.

YBa,CuzO7 has a triple-perovskite structure|[15, 16, 17] and can
be regarded as built up by intercalation, along c-axis, of metal-
lic CuO, planes with two different insulating block layers: Y and
Ba0O — CuQO, — BaO, where z is the occupancy of the oxygen site
O(1) (see Fig. 1.1). The presence of the CuO chains causes the
b lattice parameter (along the chain direction) to be longer than
a, so that the structure is orthorhombic. When all of the oxy-
gen is removed from the chains, as in YBay,CuzOg, the structure is
tetragonal, and the material is an antiferromagnetic insulator. In
the cuprates the superconductivity is due to electron vacancies (or
hole) in Cu0, planes. These holes have prevalently O2p character.
The average occupancy z of the oxygen sites in CuO chains controls
the density of the holes in the CuQO, planes. The distribution of
holes between the chains and planes is stabilized electrostatically
by displacements within the BaO layers. The hole density in the
CuQO; planes determines T. In particular T vs the doped hole
concentration in the cuprates follows an universal approximately
parabolic curve (see Fig. 1.2)[13]

1c

=1-—82.6(n; — 0.16)* (1.1)
TC,ma:c
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Cu(1)HO(1)
chains

Figure 1.1: The crystalline structure of Y;BasCu3O7. In YBCO:Ca
compounds some Y3 ions are substituted by Ca?* ions.

where n;, is the fraction of holes per Cu atom in CuQO, sheet, and
T¢ ynar 18 the maximum of value of T for the particular compound
(1e TC,max =92 K for YBGgC’LLgOﬁ.,.z).

The oxygen content in CuQO chains drives a phase transition from
a high-temperature tetragonal to a low-temperature orthorhombic
structuref[18] (see Fig. 1.3). The superconducting transition tem-
perature Ty appears correlated to this behavior.

The Y ion is surrounded by eight oxygens atoms, the Ba atoms form
a ionic bond with the 10 oxygen neighbors. A key role is played by
the Cu coordination. In fact the filling and ordering of Cu(1) — O,
chains control the filling of valence bands, and hence the electronic
and magnetic properties of YBa,CuzQOg,,. The Cu(2) atoms in the
planes are coordinated with five oxygen neighbors (square pyrami-
dal coordination). In the tetragonal structure with empty chains
the Cu(1) in the chains is twofold coordinated with the O(4) atoms
along c direction (linear coordination). In the orthorhombic struc-
ture with full chains the Cu(1) is fourfold coordinated with oxygen
O(1) along b direction and O(4) along c direction (square planar
coordination). For arbitrary z the oxygen in the Cu(1) layer cluster
into chains so to maximize the number of two or four-fold coor-



dinated Cu(l) sites. Another limiting case is that in which every
oxygen is isolated and sits between two threefold coordinated Cu(1)
atoms. It must be noted that when oxygen atoms are added to an
empty chain, they can obtain only half of the charge they require
from their Cu(1) neighbors. Thus, either holes must be created in
the chains, or electrons must be transferred from the planes to the
chains, thus creating holes in the planes. It is worthy to note that
the displacement from Ba and O(1) along c-axis strongly contracts
with increasing z in the orthorhombic phase, consistent with plane-
to-chain charge transfer (see Ref. [16] and references therein). In
the full reduced compound YBa;Cuz0¢ the Cu(2) ions have mag-
netic moments, while the two-fold coordinated Cu(1) sites are non-
magnetic. The Cu moments within the CuO, planes order anti-
ferromagnetically because of nearest-neighbor superexchange inter-
action, and the planes couple together antiferromagnetically along
the c-axis. In YBa,Cu30s.,, the magnetic order is not destroyed by
mobile holes until the tetragonal-orthorhombic phase boundary is
reached. The simplified phase diagram for YBa,CuzO7_s is shown
in Fig. 1.4.

In the oxygen annealed YBayCuO307_s compounds (6 =~ 0),
the heterovalent substitution of Ca?* for Y®* decreases the su-

1.2 — 71—
Y,,Cs Ba,Cu,O, A La,, Sr;CaCun0,
® I=0 + La, Sr,CRO,
1.0
R I=
0.8
0.8
A
~
N 0.4
0.8
0.0 i |
0.0 0.1 0.2 0.3

Figure 1.2: T values vs hole concentration ny. T¢ values are normalized
to Tc maz- (Fig. from Ref. [13]).
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Figure 1.3: Cell parameter (top) and superconducting transition tem-
perature (bottom) vs § for YBasCu3zO7_s. (Fig. from Ref. [18]).

Figure 1.4: Schematic phase diagram for YBaoCugO7_s. (Fig. from
Ref. [17]).
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perconducting transition temperature (7¢), while in the of oxy-
gen deficient systems (0.4 < 6 < 0.8) T¢ is enhanced|20, 21, 19].
In particular the occurrence of superconductivity is also been re-
ported in tetragonal YBa;Cu3zOg system on partial replacement of
Y by Ca[l19, 20, 24, 22, 23] (see Fig. 1.5). The substitution of
Ca?t onto Y3t sites causes the increase of hole concentration in
the CuQO, plane without provision of holes from the CuO chain
site. In fact the Cu-O bond distance in the chain is constant while
the Cu(2)-O(2) bond distance in the planes decreases with increase
of Ca?* as shown by neutron diffraction measurements for under-
doped samples[21]. Furthermore in tetragonal fully reduced sam-

100+ -
Yl-xcaxBaZCUSO&-&

60

T. (K)

(b)
0
11.85

11.80
< 11.75
©11.70

b

- 8x10

-1 4

m c,x=02
11.65| @ ‘ortho.,x=0.2 .

e ©
11.60 [9——0 80 1+-0——0—1- 1 - 0

-1 2

AyprquioyioyuQ

: |
6.0 6.2 6.4 6.6 6.8 7.0

Oxygen content 6+

Figure 1.5: (b) Dependence of T- on oxygen content 2z in
Y1_xCaxBaaCu30¢.+, per x=0.0 (open circles) and x=0.2 (solid circles).
The transition temperature have been estimated by resistivity measure-

ments. (c) Dependence of lattice constant ¢ (left scale and squares)
and orthorhombicity, defined as -{E—g (right scale and circles), on z in
Y1-xCaxBaaCu30¢.4,. Solid lines are only to guide the eye. (Fig. from

Ref. [19]).
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T(K)

Figure 1.6: Phase diagram of Y;_xCaxBay;CuzOy as a function of Cax
substitution for fixed y=6.0 to the left of vertical dashed line, and as a
function of Oy concentration for fixed x=0.22 to the right. (Fig. from

Ref. [29))

ples and in orthorhombic fully oxygenated samples the valence of
Cu(l) and Cu(2) remains constant after the heterovalent substi-
tution Ca®t — Y3+[26, 25, 27]. Therefore this substitution allows
one to drive the compounds from the underdoped to the overdoped
regime and to explore the full phase diagram of the HTcSC su-
perconductor. In Fig.s 1.6 and 1.7 the phase diagrams proposed
respectively by Niedermayer et al.[28] and Singer et al.[29] are re-
ported. For lower values of hole concentration the compounds
are still antiferromagnets. For intermediate values there is a spin
glass phase with a “spin-freezing” temperature 7, finally for hole
concentration in the plane larger than n; ~ 0.06 the compounds
are superconductor. In the superconducting phase for underdoped
regime there is a kind of coexistence between the superconducting
and magnetic phase. As we will discuss in detail in Chapter 3 the
transition at T, could rather be ascribed to the slowing down of
orbital currents rather than to the freezing of magnetic moment.
In underdoped and optimally doped compounds in Fig. 1.6 the
pseudo gap opening at temperatures 7™ above T is evidenced.
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Figure 1.7: Phase diagrams as a function of the hole concen-
tration per CuQy sheet for Las_,SryCuQO4 (open symbols) and
Y1-xCayBayCusOg o2 (solid symbols). In regime I, two transitions are
observed. The transition at which the Cu?* spins order into a 3D AF
state at the Neel temperatures Tn (squares) and a freezing transition
of the spins of the doped holes at Ty. T, indicates a transition into a
spin-glass-like state (up triangles, regime II) with strong magnetic cor-
relations which coexist with superconductivity in regime III. (Fig. from
Ref. [28])

1.2 Synthesis of the compounds

The samples of chemical composition Y;_,CaxBa,Cu3O, were pre-
pared by conventional solid state reactions mixing by ball-milling
stoichiometric amounts of Y503, CaCQO3, BaCO3 and CuO, accord-
ing to the following reaction

12XY,05 + xCaCOs + 2BaCO;3 + 3CuO —

Yl_xCa,xBa,gCu;:,OmT—x + (2 + X)COz

The Y; Ca,Ba,CuzO, phase was obtained by calcination of
the precursor by heating at 915° C for 20 h in air followed by
quenching at room temperature. This process was repeated three
times with two intermediate grindings to give single phase powders.
Then the samples were annealed at 400° C in flowing oxygen for
5 days to obtain the overdoped full oxygen samples y ~ 7, while
the samples were heated at 500° C in vacuum for six days in order
to obtain underdoped YBCO:Ca y ~ 6. The final oxygen content
turned out y = 6.97 & 0.02 for overdoped YBCO (estimated by
thermogravimetry analysis) and y = 6.1010.05 for the underdoped

18
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Figure 1.8: XRPD pattern for some YBCO:Ca samples before the an-
nealing in controlled atmosphere.

samples (estimated with loss of mass measurements). Some samples
were oriented by hardening in a strong magnetic field (9 Tesla) after
mixing with epoxy resin.

1.3 Structural and magnetic characterizations.

X-Ray Powder Diffraction (performed by means of a Philips PW
1700 diffractometer) was used to test if the samples were single
phase. Fig. 1.8 shows the XRPD pattern before oxygenation or
deoxygenation for some samples at different values of Ca content
(x=0.05, x=0.10, x=0.15) (orthorhombic crystal structure). Fig.
1.9 shows the XRPD pattern for underdoped compounds at x=0.15
(T(0) = 20 K) and x=0.25 (T(0) = 35 K). One can see from the
inset that these samples have tetragonal structure.

Also the %3Cu NQR spectra and %Y NMR spectra have been used
to test the quality of some of the samples. The 3Cu NQR linewidth
turned out to have practically the values reported in the literature,
thus indicating the lack of unusual lattice defects and/or stresses.
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Figure 1.9: XRDP pattern for YBCO:Ca underdoped samples (y =~ 6.1).
*x indicates the BaCO» impurity.

The 3°Y NMR spectra do not evidence any of static phase sepa-
ration, the linewidth being only slightly larger than in the single
crystal[30]. A larger linewidth is likely to be due to the distribution
of demagnetization factors. The linewidth is only slightly doping
dependent, the spectra of underdoped and overdoped samples be-
ing well distinguished in frequency. Therefore it can be concluded
that the samples do not appear the superposition of macroscopic
regions at different doping amounts, similarly to what observed in
Ref. [30]. This observation has a certain relevance in the interpre-
tation of the anomalous diamagnetism observed in underdoped and
overdoped compounds, as we shall see at §2.2. Furthermore details
on the ¥Y NMR linewidth will be given at §3.3.

The powder is formed by grains of 10-30 um, as evidenced by scan-
ning electron microscopy (Fig. 1.10 part a)). The local stoichiome-
try was tested by Energy Dispersive Spectrometry on various zones
of the samples of dimensions 30 + 500 um. The EDS spectra (see
Fig. 1.10 part b)) shows the presence only of Y, Ca, Ba, Cu, O
atoms and gives the expected atom percent. The relative concen-
tration of Y and Ca is approximately the nominal one, with some
regions (30 pum size) reacher in Ba and Cu. In the remaining part
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Figure 1.10: a) SEM image of YBCO:Ca underdoped sample at x=0.25.
b) EDS spectra. c) The maps of the Y, Ca, O atoms in the sample
region shown in part a) of the Figure.

of the samples the element maps (Fig. 1.10 part c¢)) show an uni-
form distribution of Ca, Y and O. Magnetization measurements
have been carried out in oriented powders by means of a Quantum
Design MPMS-XL7 SQUID magnetometer. The transition temper-
atures Tg(H = 0) = T¢(0) were estimated from the magnetization
curves vs. T at small fields (20 Oersted), by extrapolating at M=0
the linear behavior of x occurring below T, as shown in the in-
sets in Fig. 1.11. The values of T(0) are collected in Table 1.3,
where the numbers of holes n;, as evaluated from the expression
1.1, are also reported. It is worth noting that because of the en-
hanced fluctuating diamagnetism some uncertainties in the estimate
of T¢(0) are present, particularly in strongly underdoped samples.
These uncertainties do not affect the discussion (Chapter 2) about
the anomalous diamagnetism, which is detected in a temperature
range well above T¢(0).
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Figure 1.11: Some magnetization data in low field, parallel to the c-axis,
as a function of temperature in oriented powders of Yl_xCa,xBa.zCu;;O
The values of the magnetization measured from 250 K down to 90 K,
with a positive Pauli-like temperature independent term, are not re-
ported in the figure. In the insets the blow-up for the estlmate of Te(0)
is shown. .

Table 1.1: Superconducting transition temperature in overdoped and
underdoped Yl_xCaxBagCu;:,O and estlmated number of holes nh per
CuO5 unit. -

X y | Te(K) | nn
0 |665| 625 |[0.12
005 |697| 820 |[018]
01 |696| 730 |020][
01 |696| 700 |0.21
02 |698| 495 |0.23
0.25 | 6.10 | 35.00+ 1 | 0.07
0.15 | 6.10 | 34.00+ 1 | 0.07
~ 0.15 | 6.05 | 20.00+ 2 | 0.06
0.1 |6.10 | 14.00+ 2 | 0.06
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Chapter 2

Anomalous doping
dependence of the
fluctuation-induced
diamagnetism above T

In the first part of this Chapter a brief recall of the conventional
theoretical approach to superconducting fluctuations (Ginzburg-
Landau and Lawrence-Doniach scenario) is presented. In the sec-
ond part of the Chapter the SQUID magnetization measurements,
performed in order to analyze the doping dependence of the fluc-
tuating diamagnetism above the superconducting transition tem-
perature T, are discussed. The samples that have been investi-
gated are oriented powders of optimally doped Y;Bay;CuzO7, un-
derdoped chain-disordered Y;Bay;Cu3z0Og¢5 and finally samples of
Y;1-xCayBasCuzOy, with x ranging from 0 to 0.2, for y ~ 6.1 (un-
derdoped almost chain empty) and y = 6.97 (overdoped practi-
cally chain full). It will be shown that in optimally doped com-
pounds the diamagnetic susceptibility and the magnetization curves
—M (T = const) vs. H are rather well justified on the basis of an
anisotropic Ginzburg-Landau (GL) functional. At variance, in un-
derdoped and overdoped regimes an anomalous diamagnetism is
observed, with a large enhancement respect to the GL value and
shapes of the magnetization curves strongly different from the one
expected in that framework. The anomalies are discussed in terms
of phase fluctuations of the order parameter in a layered system
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of vortices related to charge inhomogeneities inducing local, non

percolating, superconducting regions with Tg °) higher than the
resistive transition temperature 1.

2.1 Conventional superconducting fluctuations
theories.

2.1.1 The Ginzburg-Landau scenario

To the superconducting transition one associates a complex order
parameter: ¥(7) = |¢Y(7)| exp(i¥(7)), where J(7) is the phase and
¥ () |*=n, represents the local density of the superconducting elec-
trons (Cooper pairs).! Thus |[¢(7)|? is zero for T > T¢, and raises
as T decrease for T' < T;. The order parameter is a quantity sub-
ject to fluctuations: (|9 (7)|*) # 0 also for T' > T¢.

A general description of superconducting fluctuations is based on
the theory of Ginzburg Landau (GL), which is a phenomenologlca.l
theory to describe the macroscopic behavior of superconductors.?
The GL theory postulates the free energy density (f) as a power

series expansion of || 3 and Vi:
( iy - e—f’i') ¥
3 c

where f,o is the free energy density in the normal state and in ab-

sence of magnetic field, A is the vector potential, @ = «aq T;:C =

o€, B is a constant, the gradient term is written in a way to satisfy
the gauge invariance, and the quantity h?/8x is the energy density
of the magnetic field; m* and e* are respectively the effective mass
and the charge of supercarriers.

The thermal fluctuations from ¥ to 1 + d9 increase the free energy

2

h2

— 2.1
Y (2.1)

1

f= fno+a|¢| +5 |¢|

'According to the Landau theory for second order phase transitions the order
parameter goes to zero at the transition point. Therefore, the natural order parameter
is proportional to the condensed state wavefunction.

%It can be derived in a rigorous way as a limiting case of BCS microscopic theory[3 1]
(see Ref. [32]).

3Only the even terms are present, since in general the free energy must be invariant
with respect the symmetry group of transformation that leave the system hamiltonian
unaltered, and so in this case the free energy must be invariant with respect to the
phase variation of order parameter.
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by ~ kgT (kg is the Boltzmann constant) and, being e ¥/*8T the
associated probability, they occur also above T where all the su-
perconducting effects arise from the fluctuations.

The differential equations to derive the distribution of the wave-
function ¥ and of the magnetic field are obtained by finding the
free energy minimum as functional of three independent functions:

¥, ¥* and A:[33]

1 2e -\ ?

— (—-z‘hV — ——A) Y +ay+ Bl =0 (2.2)
4m C

ieh 282 9

= —— (Y*Vp — Y Vp*) — — A 2.3

J= = (Ve — V) — — |y (23)

These equations constitute the Ginzburg-Landau complete equa-

tion system, considering m* = 2m, e* = 2e, consequently n, =

ne/2, where n. is the electron density in the condensed state.
The boundary conditions define the following quantities:

the penetration length A:

AMT) = [ 47re2a?§;g — T)] (24)

DO et

the coherence length &:

n _ |
E(T) = Nmog) 2 (Tg — T)IF2 = &o€ 1/2 (2.5)

£ = (T—Tc) (2.6)

with

TIc

These are the lengths in which respectively the magnetic field and
the distribution of ¢ change substantially (see Fig.2.1). £ is the
correlation length of the order parameter fluctuations (as it can be
seen afterwards studying the spatial variation of the fluctuations).
A, € must be larger than the Cooper pair size, &, so the hypothesis
that all quantities change spatially in a sufficiently smooth way is
verified. Near T this condition is generally satisfied because both

lengths increase near the transition temperature as (T — T)"%.
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Figure 2.1: Spatial dependence of the order parameter 1(x) and the
magnetic field density h(z) at superconductor-normal interface.

Spatial variation of the fluctuations
The GL free-energy density, Eq. 2.1, neglecting the quartic term in
Y, can be written

R\ (Vv 2rA
2m* 1 (I)o

(07 (2.7)

f:fn0+al¢|2+

This assumption is called Gaussian approrimation and it is valid,
for a bulk sample, for T not too close to T. In the absence of

magnetic field A = 0, and by writing 1 as an expansion of free-
particle eigenfunction

Y() =) e (2.8)
k
the free energy density is becomes

212
f = (a + Wk ) |¢;;|2 (2.9)

|2 over all possible values of the

The thermodynamic average of |y
order parameter reads

< lwk|2 >— f |¢k|26—f/kBTDw _ kBT
[ e=1/k8T Dy a(l + k2£2)

(2.10)

26



The spatial extent of phase coherence above T¢ is limited by the
fact that ¢ is a sum of independent contributions 1; with differ-
ent wavelengths. The extent of the coherence is described by the

correlation function

E(R) =€) = (0 W(7)) = Do lle™® (211)

where B = 7 — 1. Replacing the sum with the integral and con-

sidering that £ (ﬁ) because of the symmetry depends only on the
magnitude of R, one has:

m*kgT e—B/&(T)
$(R) = 27 h? R

(2.12)

by substituting < |¢|* > as given by Eq. 2.10.
For external field H = 0 the local value of 1, in fluctuation regime,
are correlated over a distance £(7T°). In the presence of field the "ra-

dius” of the correlated fluctuations becomes smaller than £ when

H is larger than ~ & /72 = He, (that is the value of the field in

which the sample is no more superconducting), with &, = % (see

Ref. [2]). j

Time dependence of fluctuations

The deviation from equilibrium is given from the general equation
of non-equilibrium statistical mechanics:

o __19J (2.13)

ot sy

where v is the non-critical kinetic coefficient. This time differential
equation for ¢ (for T' > T¢), if the electromagnetic potentials and
the non linear term in 1) are neglected, can be rewritten in the form

oY B h?
ot Y 2m

For uniform mode, k=0, from Eq.2.10, it is found that the order pa-
rameter relaxes exponentially with the Ginzburg-Landau relaxation

—vh -V?¢ (2.14)
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time: "
TQL — —C-g- X E (2.15)

This time corresponds to the Cooper pair life time and it is deter-
mined by its decay into two free electrons.? The superconducting v
function relaxes exponentially toward its equilibrium value (above
Tc this value is zero). At the transition temperature the Cooper
pairs start to condensate and 7¢; = 00, as it can be seen from Eq.
2.15. The higher-energy modes, with £ > 0, decay more rapidly,
with relaxation rate

TGL
- 2.1
ARy (2.16)

(lvgl®) = wa (g, [?) dw (2.17)

where <|¢k,w|2> is the power spectrum of ¥ in frequency space.

These equations imply that any non-zero value of exponentlal de-
cays in a time 7x. The non-zero thermal average of |9|? is the one
expressed by Eq.2.10. In fact, the exponential decay is compensated
by the interaction force between the superconducting electrons and
the rest of the thermal bath.

The collective time-dependent correlation function is

(2(0)he(t)) = {|wzl*) €™ (2.18)

and

2.1.2 Lawrence-Doniach model and the anisotropic
Ginzburg-Landau free energy functional.

The high temperature superconductors (HTcSC) are strongly
anisotropic in several properties, owing to their layered structure.
Consequently the value of characteristic quantities such as penetra-
tion depth, coherence length, critical fields, etc., depend from the
magnetic field direction. In anisotropic systems two approaches are

“The microscopic theory gives: Tgr = kg (T o) (see Ref. [1] and references
therein).
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possible, in principle. For moderate anisotropy the system is usu-
ally well described in terms of a continuous anisotropic Ginzburg-
Landau theory. In the limiting case of strong anisotropy the two-
dimensional (2D) Lawrence-Doniach (LD) model is used and the
superconductor is considered as a stack of Josephson junctions,
where the Cooper pairs tunnel between the insulating zones and
weakly couple the planes.
In the anisotropic GL theory the Egs. given at §2.1.1 are still
valid, provided that the characteristic lengths are defined as follows:
- 6/\/]\—4:7 Ai = A/\/]Tfn with A = (Aa/\bAc)l/3 and f — (&a&béc) 173
The normalized effective mass, M;, is a tensor and the diagonal el-
ements are so that M, MM, = 1.
£ can be used to define the discreteness of the system, being
Ee < € < & << Ap < Ay << Ac. For & > s (with s inter layer
spacing) a continuous system can be considered and the anisotropic
GL can be applied, while for £, < s the layered structure is relevant
and the Lawrence-Doniach model must be used. On other hand in
the GL theory the coherence length depends on temperature and

diverges at T (see Eq. 2.5) as €73, Consequently near 7 the con-
tinuous GL anisotropic model is anyway appropriate. A crossover
2D-3D can be defined by the condition &, = s.
The Lawrence-Doniach (LD) functional(34, 35, 36, 37, 38] is a gen-
eralization of the GL theory in which to n-th layer superconductor
is associated a 2D order parameter written as

Yn () = [ ()| €77 (2.19)

where n is the plane label and 7 the in-plane vector position.
In a magnetic field perpendicular to the plane, choosing the gauge

A, =0, A, = %—I—I’ AT, the LD functional can be written|2, 1, 33, 39]:

FLp ['d’] = Z/‘FT (a |"/)n|2 + 'g' W)‘n|4+

(SN

where the sum runs over the layers and the integral is over the area
of each layer, a = age and the phenomenological constant J is
proportional to the Josephson coupling between adjacent planes.

h2
4m

+ J l'd)n+1 T ¢n|2) ’ (220)
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In fact, in the assumption that all |¢,| are equal, the last term
of Eq. 2.20 becomes J|w,|*[1 — cos(¥, — ¥,_1)], evidencing the
equivalence of this term to a Josephson coupling energy between
adjacent planes. In the vicinity of 1, the LD functlonal is reduced
to the GL one, with the effective mass M = 7 j @7 along the c-
direction. In the GL gaussian region the fourth order term in Eq.
2.20 is omitted and the standard procedure[2, 4, 40] to derive the
fluctuation part of the free energy yields

F(e,H) — F(g,0) = VkBTH/‘ dzzfl/z

27T3 0 1/2

(2n + 1+ 2z)H + £(1 — cos 2) +e
(2n+1)H+ 4%(1 —cosz) +¢

ln (2.21)

where the c-axis is along the 2z direction, £ = 1%9) is the dimen-

sionless anisotropic parameter and ‘H = H,f(())'

2.1.3 Fluctuating diamagnetism and field dependence

The fluctuating magnetization My° can be obtained by numerical
derivation of Eq. 2.21 with respect to the field[1, 36, 4]. In par-
ticular in the limit of weak magnetic field the suscept1b111ty can be
obtained in the form

XFS — 32F _ 82 1kBTC€2E__1

dia OH? 3czs wh2 "
Thus a negative divergent behavior of x4, for T — T and fluctu-
ating magnetization My, linear in the field H is expected. Actually
Eq. 2.22 has only a limited validity, since even a small field can af-

fect T and the SF in a relevant way. An early correction to Eq.2.22,
within the GL limits (see Ref.s [1, 4] and references therein), yields

Mg o< VHg()T (2.23)

>The relevance of the field dependence of My;(H,T) for the study of FD has been
also recently discussed in the framework of a Gaussian GL approach for non-isotropic
systems in Ref. [41].

(2.22)
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T=Tc+1K
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Figure 2.2: Illustrative behavior of typical magnetization curves and
the phase diagram showing the dimensional crossover of the SF, as ob-
tained in framework of GL theory and Gaussian approximation (see Refs.
quoted in the text).

where ¢ is a function of the variable ¢ = %Tj&i%ﬁ? 2 such that

the Eq. 2.23 implies for T = To(H) My o« vH, and a diver-
gence of My for T — To(H) of the form [T — Ty (H)]Y? (with
Tco(H) = Te(H) for second-type SC, where the transition is sec-
ond order).

In Fig. 2.2 the typical magnetization curves and the
field crossover(36] from 2D to 3D linear (M oc H) and non linear

(M o VH) regimes , as obtained in the framework of the gaussian
approximation of the GL theory, are qualitatively reported.

In the GL theory, as it has been outlined above, several
approximations|[42] are made:

e the slow-variation approximation that requires that v varies
slowly on the scale of £(0). Consequently the theory is valid
only for long wavelength fluctuations. This is what allows one
to apply to the Gaussian approximation;

e the static approximation that restricts the validity to GL the-
ory to those fluctuation modes which are long-lived;

e the non-local electrodynamic corrections are not included.

These approximations generally lead to theoretical conclusions in
rather good agreement with the experimental observation in HT' ¢SC
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(as it will be well discussed later on), but do not correctly pre-
dict the experimental behavior observed for BCS superconductors,
where the limit of evanescent field is abandoned.

The experimental study of magnetization curves as function of
temperature for different value of field in conventional BCS su-
perconductors show that on increasing the field the magnetiza-

tion first goes as v H, but around ten Gauss an upturn is ob-
served: My, is progressively reduced and it is practically quenched
for H ~ Hgg - 1072 (see Ref.[2], Chapter 8).

The direct observation of magnetization curves in BCS supercon-
ductors is not easy because the FD occurs to an extent smaller
that in HToSC. Recently the direct measurement of magnetization
curves has been performed in MgB, (see Appendix A), essentially
a BCS superconductor with Tz ~ 39 K. Furthermore it has been
demonstrated that MgB, is characterized by an anisotropic spec-
trum of fluctuations, similar to cuprates[43|, thus enhancing the
FD. The value of the upturn field H,, in the magnetization curves
can be considered inversely proportional to the coherence length
2, 4]. This explains why in optimally doped high-temperature su-
perconductors, where £(0 is very small, the Ginzburg-Landau (GL)
picture, in general, works pretty well as we shall see in §2.2 for op-
timally doped YBCO.

It is possible to derive the main aspects of the field dependence of
fluctuating diamagnetism for BCS superconductors by means of a
simple model. One can think that the fluctuations cause the gen-
eration of superconducting ”droplets” having size of the order of
§(T). Then the free energy functional (Fig[¢]), can be calculated
in an exact way, for all values of temperature T (including the crit-
ical region) and field H, (H < Hgs), in the assumption that for
these droplets one can be rely on the zero-dimensional approxima-
tion, valid rigorously only for diameter of the grains d << &£(T) (see
Appendix A). Then the expression of magnetization can be written
in the form

OFy(e, H
M?ID(57H) = (B(H ) =
kpT2 =82 H
= ,,,2620 (2.24)
(E + #HZCP)
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Since the droplets that yield the most effective diamagnetic screen-
ing, have d = £(¢) from Eq. 2.24 one obtains

2«254
2 __H (2.25)

w2 £4 H?2 .
| 0

MY = —kgT

From this equation the field at which the magnetization has a min-
imum can be estimated:

\/5@06

H,, = 2.26
4 7‘_63 ( )
and correspondently the value of magnetization at the upturn is
kT
M, — —elméo 1 (2.27)

V5 B

This simple model reproduces qualitatively the magnetization curves
in BCS systems (see Fig. A.3 in Appendix A).

In HTSC compounds, the coherence length is so short that the
field-induced quenching of fluctuating magnetization has not yet
been observed as already mentioned. Indicatively for £(0) =~ 10 A
and ¢ in the range 107! + 1072, H,,, from Eq. 2.26, is expected in
the range of 10 Tesla. It must be stressed since now that the mag-
netization curves observed for non-optimally doped YBCO (that
will be shown in Fig.s 2.6, 2.7), show an upturn with the field can-
not be ascribed to the breakdown of the GL approach of the type
commonly observed in BCS superconductors. Furthermore it must
be noted that the the upturn on increasing of field, observed in
BCS, do not depend on the magnetic history of the sample (see
discussion at §2.2).

2.1.4 Main results from scaling arguments

The exponents of the power laws, as the ones characterizing the
behavior of the diamagnetic magnetization on approaching T, are
called critical exponents. As it is known a physical system near a
transition is characterized by fluctuating quantities, with a corre-
lation function diverging at transition point. A function of a single
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variable that describe the system can be written as a sum of a
singular part and of a regular part:

f(X) = fsing(X) + freg(X)- (2-28)

By calling X the critical value of X and AX = X — X¢, the
singular part is

faing(X) = (AX)"f(X) = (AX)"[fo + LAX + LAX? + ...

(2.29)
withn= , ;“f_}o IO"I{) ?%X) critical exponent. n is not an integer num-

ber and is different from zero.

The scaling hypothesis asserts[44] that a variation of a scaling fac-
tor is equivalent to a change of unit length [hypothesis of Widom
generalized homogeneity|, namely

fsing(lX) = l_Dfsing(X) (230)

where D is a dimensional index. As consequence the rescaled mag-
netization curves as a function of reduced temperature must acquire

some universal behaviors.
In particular, collapse onto a common function is obtained when

M i ‘ . £ . oy ®
—7i- is reported as a function of —7, With v the critical exponent

for the coherence length. For example, in YBCO the experimental
value of v is 0.7 [45] (using the gaussian approximation discussed at
§ 2.1.3 one would have v = 0.5). For superconductors, the scaling
arguments|48, 46, 47, 49|, are valid also in the critical region and
allow one to include the |1|* term in the functional of Eq. 2.20. We
remark that the dimensionality class has to be chosen and obviously
no 2D-3D crossover can be studied within scaling observation.

In the scaling approach[48], for superconductors, the singular part
of free energy density is expanded in series of £ P and in terms of an
universal function involving only the number of fluxoid per coher-
ence area, equivalent to the ratio of the magnetic length (®,/H)/2
and the coherence length: f = —kgT¢PA(X), A(X) being the
unknown, dimensionless function of the variable X = (H&2/®).
Then[45, 46, 47)

of kgl _p_
~a0 = 2D S H= Imp(X) (2.31)

My =
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with mp(X) = X'~7 44
For 3D isotropic systems M VH for T ~ T and

Myuy(Tc)  kgTe

I 332 m3(00) (2.32)
0
with m3 (oo) = —0.32 as estimated in the Gaussian approximation.

The isochamp curves My; vs T should then cross at T when the

magnetization is scaled by v H.

For 3D anisotropic systems Eq.s 2.31 and 2.32 can still be used in
terms of My;/+/H,, with m3(0co) corrected to mg™(oco) = mg(00),
v = (§/€.) being the anisotropy parameter.

The above conclusions in general are in good agreement with the
experimental results in YBCO optimally doped (see next Section,
Fig. 2.4).

In 2D systems the field dependence in Eq. 2.31 erases and the curves
My, vs T for different fields cross at T(0) (of coarse a crossover
to a 3D regime must occur close to T; however the temperature
range where the fluctuations take 3D character is usually very nar-
row and practically unobservable[47]). Generally these 2D scaling
conditions are well verified also in YBC(Q124 even though in a par-
ticular range of field, as shown in Ref. [50].

2.2 Fluctuating diamagnetism in optimally-,
under- and over-doped YBCO compounds.

The measurements as a function of the field (0 + 7 T) and tem-
perature (2 + 300 K) have been carried out by means of a Quan-
tum Design MPMS-XL7 SQUID magnetometer, allowing one to
achieve temperature resolution up to 1 mK and measuring a lowest
magnelaic moment around 10~7 emu. Magnetization measurements,

with H i ¢, at constant field H as a function of temperature, and
isothermal magnetization curves M vs H have been performed.

The samples are oriented powders of optimally doped
Y1Ba,Cuz0O;, underdoped chain disordered Y;Bay,Cu3Oges
and samples of Y;_,Ca,BayCusOy, with <z ranging
from 0 to 0.2, for y =~ 6.1 (underdoped, with almost oxygen empty
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chains) and y = 6.97 (overdoped, with oxygen full chains).
In general two contributions to the magnetization M are present:

M"——“-‘MP—I—Mﬂ’_‘_’XpH—I—Mﬂ (233)

The positive term Mp = ypH is a Pauli-like, paramagnetic con-
tribution, with x, that does not depend from field. Mp is almost
T-independent or only slightly increasing with decreasing temper-
ature in the range AT from 200 K down to about 100 K. My, is a
negative diamagnetic contribution that arises on approaching 7¢.
The My term, that it will be reported in the Figures, has been
extracted for M vs T curves by subtracting from the raw data the
value obtained by extrapolating, for T — T, the curve Mp vs. T
in AT, where My, is practically zero. Thus the possible slight tem-
perature dependence of Mp around T was neglected in comparison
to the much stronger diamagnetic term.

2.2.1 Magnetization curves in optimally doped YBCO.

In optimally doped YBCO (oriented powders), with T(0) = 92K,
the isothermal (Fig. 2.3) and the isochamp (Fig. 2.4) magneti-

zation curves have been measured for H 1 ¢. The magnetization
curves My, shown in Fig. 2.3, follow the trend expected in the
framework of the GL scenario.

In fact My turns out proportional to external magnetic field for

T rather far from T (i.e. € = T;g’ﬂ = 0.090) and proportional to

Vv H for T near Tg (¢ = 0.007). Typical findings in optimally doped
YBCO (both single crystals and oriented powders) basically agree
with the behavior recalled above (Eq. 2.32), with m§"(oc0) = —2,2
and therefore anisotropy parameter y ~ 7.

In Fiig. 2.4 the isochamp magnetization measurements are reported.
The scaling predictions for 3D anisotropic systems are well obeyed:
the isochamp lines crossing at T¢(0) &£ 92K when M is scaled by

v H. Thus the experimental results show that the anisotropic GL
functional can be used to predict the magnetization curves and the
2D — 3D crossover. Only close to Tg (¢ < 3:-107%) and H < 1
Tesla appreciable discrepancies are observed, suggesting a crossover
to a region of non-Gaussian SF.
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Figure 2.3: Isothermal magnetization curves for different temperatures
in optimally doped YBCO. The dashed lines are guides for the eye,
according to the linear and non linear regime (see text).
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Figure 2.4: Fluctuating magnetization rescaled by v H as a function of
temperature for different magnetic field along the c-axis. The lines are

guide for the eye.
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These few experimental data for optimally doped YBCO123 are
recalled here to show the “conventional” behavior of My and x4iq
for HT-SC, in contrast with the “anomalous” effects found in un-
derdoped and overdoped YBCO[51, 52, 53, 54, 55, 56, 57, 58, 59|,
to be discussed later on.

2.2.2 Anomalous enhancement of the fluctuations and up-
turn in the magnetization curves for overdoped and
underdoped compounds.

The experimental results of SQUID magnetization measurements
in underdoped and overdoped YBCO samples are reported in Fig.
2.5, 2.6, 2.7.

In Fig. 2.5 a marked enhancement of the fluctuating magnetization
with respect to optimally doped YBCO is observed. In contrast to
optimally doped YBCOQ, the magnetization curves vs H, for under-
doped and overdoped compounds, depart in a drastic way from the
ones expected on the basis of GL anisotropic functional (Eq.s 2.22,
2.31). The My, curves vs T do not cross at any temperature and

no collapse onto an universal function is found for My;/v H or for

My, as a function of e/ H'/? (see §2.1.4 and §2.2.1).

In Fig. 2.6 the magnetization curves of YBCO; doped to about
10% in Ca, for two different values of temperatures, are reported in
the range 0= 7 T, to allow one to compare them with the analogous
curves for optimally doped samples in Fig. 2.3.

In Fig. 2.7 the magnetization curves for differently doped YBCO
samples are shown: overdoped samples with x ~ 0.1, y ~ 6.96 in
part (a) and with x ~ 0.2, y ~ 6.98 in part (b); chain empty un-
derdoped samples with x ~ 0.25, y ~ 6.1 in part (c) and chain dis-
ordered underdoped samples with x ~ 0, y ~ 6.65 in part (d).

| — My, even relatively far from T results linear in H for small
fields (H < 200 G for overdoped and H < 600 G for chain empty
underdoped) then shows an upturn upon increasing the field and
afterwards decreases. In chain-disordered underdoped YBCO (part
(d) of Fig. 2.7) the decrease of | — My;| upon raising of the field is
absent, but the magnetization curves however are not described by

the GL model.
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Figure 2.5: Constant field (H || ¢) magnetization vs. temperature in
overdoped (z = 0.1 and y = 6.96) (a) and in underdoped (z = 0 and
y = 6.65) (b) YBCO compounds. For comparison in the part a) of the
figure the behavior of My, in optimally doped YBCO is shown.

These magnetization curves, as it has been mentioned in the previ-
ous Section, cannot be ascribed to the breakdown of GL framework.
commonly observed in BCS superconductors, because in this case
H,, should be ~ 10 T.

The anomalies presented in underdoped chain-disordered sam-
ples have been explained[60] by means a theory for fluctuations of
the order parameter phase in a layered liquid of vortices. However
it should be stressed that the theoretical description given in Ref.
[60] cannot be used in its original form to explain the magnetization
curves where the upturn is observed, as well as it cannot justify the
history-dependent effects (to be described later on). We are now
going to comnsider in detail the role of charge inhomogeneities in
causing regions where the “local” T, is different from the bulk one,
thus inducing a particular type of anomalous diamagnetism.
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Figure 2.6: Magnetization curves My, vs. H (after ZFC) in overdoped
YBCO:Ca (x=0.1, y=6.96). The anomalies are evident from the com-
parison between these curves and the anes in optimally doped YBCO
(see Fig.2.3) for similar reduced temperature ¢.

2.2.3 The picture of superconducting droplets above 7.

From the volume susceptibility, about 5 K below T¢ (see Fig. 2.5),
one deduces that a few percents of the total material being super-
conductor above the resistive transition temperature, could actually
justify the screening effects observed as FD. A test of this hypothesis
is obtained from the search of magnetic-history dependent effects.
It is known, in fact, that in YBCO the irreversibility temperature
is not far from 7, and therefore if the anomalous FD has to be
attributed to locally SC droplets then one should detect differences
between zero field-cooled (ZFC) and field-cooled (F'C) magnetiza-
tion. In Fig.2.8 magnetization curves after zero field cooling and
the correspondent values of My, obtained at the same temperature
after cooling in the presence of a given magnetic field, are com-
pared. Furthermore, relaxation effects have been observed. In Fig.
2.9 it is shown how the negative magnetization depends on time,
displaying a progressive decrease from the ZFC value towards the
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Figure 2.7: Isothermal diamagnetic magnetization vs. H, after zero-field
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is a chain disordered underdoped YBCO. In the part (a) of the figure
the solid lines correspond to the diamagnetic susceptibilities estimated

in the limit of zero field.
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Figure 2.8: Magnetization curves in YBCO:Ca at x=0.1 and y=6.96
by cooling in zero field to a given temperature [a) T' = 75.5K and b)
T = 79.5 K] above the resistive transition temperature and then ap-
plying the field (ZFC) and after the application of the field at room
temperature, cooling at the same temperature and measuring the cor-
respondent magnetization (FC). The volume susceptibilities in the limit
H— 0 is reported.

one measured in FC condition. The time constant for this relax-
ation process is close to the one measured in the critical state[61].
As seen in the inset of Fig. 2.9 the local irreversibility tempera-
ture of the droplets is above the bulk superconducting transition
temperature.

It can be remarked that in underdoped chain-disordered YBCO
(see part d) Fig. 2.7) no upturn is observed and the ZFC and FC
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Figure 2.9: Relaxation of the raw magnetization after ZF'C and then
sudden application of a magnetic field of 260 G, in YBCOQO:Ca at x=0.1
and y=6.96, at T = 75.5 K a) short-term relaxation; b) long-term re-
laxation. From the comparison of the ZFC and FC magnetization in
H = 20 G (see inset) an irreversibility temperature of the locally super-
conducting droplets at highest 7~ can be estimated around 90 K. In part
a) of the Figure the solid line is the sketchy behavior of the relaxation of
the magnetization detected by Yeshurun et al. (Ref.[61]) in the critical
state, in optimally doped YBCO.

43



T T T T 17/ T IR d L
0.0 |-a -
]
o5t T = 66K 1
~~ ¢ -
2 A
a A4 FC
& .
h 'Y
~JRE S :
L \‘ J
: [ ] a P . A ] A ® ®
2,0 |- A . -
g PR B S BN 1 I i | S Lllll_l L P i A | e
0 1000 2000 3000 4000 5000 20000 30000 40000 50000
H (O¢)

Figure 2.10: ZFC and FC magnetization curves at T' = 66 K in chain
disorder underdoped YBCO (x=0, y=6.65 and T (0) = 62.5 K)

magnetization curves almost coincide (Fig. 2.10). The explanation
that will be supported from our theoretical picture is that the mag-
netization curves without hysteretic effects refer to superconducting
droplets which are above the local irreversibility temperature.

One should observe that the ZFC magnetization curves in chain
empty underdoped YBCO:Ca present un upturn for H ~ 600 G (see
part ¢ Fig.2.7). According to the data in Fig. 2.11 the irreversibility
temperature is estimated ~ 54 K. The hysteretic effects can be
evidenced by comparing the DC-ZFC magnetization (see part ¢ of
Fig. 2.7) with AC-FC susceptibility measurement (see Fig. 2.12).
In Fig. 2.12 we report the AC susceptibility measurements vs DC
field performed by cooling the sample in the presence of constant
field (FC) and for different AC field. It must be noted that the

field value at which x = 2% = 0 is H,,~ 1000 G, larger than the
value of H,, estimated byd%FC-DC magnetization curve. Also for
underdoped samples the shift of H,, for large field in FC curves

is evidenced. Furthermore the x value at small fields from ZFC
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Figure 2.11: The isochamp (H = 7.4 Oe) magnetization curves ZFC
and FC vs T in chain empty underdoped YBCO (x = 0.25, y = 6.65 and
Teo(0) = 62.5 K). As shown in the inset, the irreversibility temperature
can be estimated around 54 K.

magnetization measurements is (Xysr = ——g— = 4 % 10"4) larger

than the value of xypc from AC measurements, demonstrating the
presence of irreversibility effects.

One could suspect that the presence of superconducting droplets
results from trivial chemical inhomogeneities of the samples. As
described in the first Chapter experimental checks like NMR spec-
tra, XRD, EDS allow us to rule out this hypothesis. Furthermore,
samples grown with different procedures and already used by other
authors, have been also studied, showing the same behavior. It is
believed that the charge inhomogeneities do not imply mean the
presence of macroscopic parts of the samples at different oxygen
and /or calcium content, but it has an intrinsic, character of the
type evidenced in the several experiments (see Ref.s [62, 63, 64, 65]).
Furthermore it should be remarked that the temperature depen—
dence of the susceptibility above the bulk transition temperature is
different from the one occurring in the superconducting state. In
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Figure 2.12: The AC susceptibility (from SQUID magnetometer). The
figure shows that ( x = Mn ') at T = 36 K tends to zero for a certain

value of external field (~ 1000 Oe), corresponding to the upturn in
Mg vs. H. In the upper and lower parts of the figure the real and
imaginary susceptibilities are reported respectively. The measurements
were performed by changing DC field for different values of the amplitude
of the AC field, H ¢, (reported in the box) and for frequency v = 1 Hz.
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fact, as it can be seen in Fig. 2.13 the temperature dependence of

E
the susceptibility is of the exponential form (eEEDT) only for T > T,.
It must be noted that evidences of the inhomogeneous struc-

1,15 120 1,25

1,30 1,35 1,40
100/T(K)

Figure 2.13: Susceptibility as a function of the inverse temperature show-
ing the activated temperature behavior in the sample at y=6.96 and
x=0.1. Analogous temperature dependence has been observed in under-
doped YBCO compounds. The dashed lines are obtained by transferring
above the superconducting temperature T (0) the temperature behav-
ior of the bulk susceptibility measured below Tx and by normalizing the
data at T' ~ 88K

ture of cuprates have been found by means of neutron and elec-
tron diffraction[66, 67, 64|, as related to stripes and lattice effects
or to local variation in the oxygen concentration, particularly near
grain boundaries. Moreover direct evidence of inhomogeneous mag-
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netic domains (few tens of um in size) showing diamagnetic activity
above T¢ has been obtained by Iguchi et al.[62] by scanning SQUID
microscopy, in underdoped LASCO.

Intrinsic inhomogeneities, with spatially dependent critical temper-
ature have been considered as possible cause of pseudogap
phenomena[68, 69]. A theory for high temperature superconduc-
tivity and pseudogap temperature dependence based on inhomo-
geneous charge distribution has been recently formulated[70]. In
particular a distribution of local clusters, with spatial dependent
charge density, p(r), different from the average charge density, ppn,
is considered to lead to the SC transition|[70]. When the tempera-
ture is decreased, some clusters become superconducting, but they
are surrounded by metallic and /or antiferromagnetic insulating do-
mains and, consequently, the whole system is not a superconductor.
The number of superconducting clusters increases as the tempera-
ture decreases, so that the superconducting regions grow and, even-
tually, at a temperature T, they percolate and can hold a macro-
scopic dissipationless current.

Ovchinnikov et al.[71] have considered the anomalous diamagnetism
above T induced by non-uniform distribution of magnetic impuri-
ties, depressing T but leaving ”islands” which become supercon-
ducting above the resistive transition temperature. As a conse-
quence an anomalous large diamagnetic moment can be detected
above T and in this way the strong diamagnetic susceptibility ob-
served in overdoped Tl-based cuprates|63| could be explained.

It should be stressed, however, that in this description|[71] the mag-
netization is linear in the field, since the condition of small field is
implicitly assumed.

2.2.4 Phase fluctuations of the order parameter.

By taking into account the presence of mesoscopic charge inho-
mogeneities which cause locally, non percolating, superconducting
regions with T larger than the resistive transition temperature,
we are going to outline a theory for the phase fluctuation of the
local order parameter which accounts for the anomalous diamag-
netism observed in overdoped and underdoped YBCO compounds,
as well as for the hysteretic effects. All the details of this theory
are given in Appendix B.
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One can start by assuming a frozen amplitude and taking into
account only phase fluctuations of the order parameter. In this
scenario the unusual magnetization curves detected in underdoped
chain disordered YBCO[52] (see part (d) of Fig. 2.7) can be rather
well justified. In the original description by Sewer and Beck|[60]
the anisotropic Lawrence-Doniach functional is rewritten consider-
ing the coupling between the parameter order phase and the vector
potential describing a homogeneous magnetic field perpendicular
to the lattice planes. As a consequence of the thermal excitations
there are the phase-field singularities: vortices and antivortices in
2D (pancakes) and vortex loops in 3D. The presence of an exter-
nal magnetic field induces vortex lines extending through the whole
sample (see Fig. 2.14). In this model the diamagnetic susceptibil-

Figure 2.14: Sketch of the 3D thermally excited vortex loop (left) and
of a field induced vortex line (right). The gray ellipses represent the
vortices antivortices 2D (pancakes). Arrows connecting them are for

clarity. (Fig. from Ref. [60])

ity is connected only to the positional correlation function of the
vortex line element. For small fields the temperature dependence
of the susceptibility is controlled by the vortex loops density n,:
X o¢ ;-. The experimental trend of susceptibility as a function of
temperature is | |

_Eq_

x(T, H = 0) o e*57 (234)
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corresponding to a thermally activated behavior of n,:

E,
Ty = noe"""EQ’_' (2.35)

according to the general aspects of the XY model[48]. In strong
fields, instead, the vortex line elements dominate, the vortex cor-
relations between different layers become relevant and My only
slightly increases with H and finally it flattens. It should be re-
marked that no upturn in the magnetization curves is predicted, at
least for H << H,, .

From Fig. 2.13 one sees that the data for x, defined as (—My;/H)
for H — 0, obey rather well to Eq. 2.34, in correspondence to
Ey ~ 940K. This value approximately agrees with calculations
that yield the activation energy around 10 T (see Ref. [60] and
references therein). Fy turns out to depend only slightly from dop-
ing and external field. As already mentioned the temperature de-
pendence of the susceptibility above T¢(0) differs from that one
measured below T, as shown in Fig. 2.13.

Now we are going to modify the theoretical description by Sewer
and Beck|[60], still keeping their basic idea of phase fluctuations but
taking into account the presence of mesoscopic “islands” with non-
zero average order parameter amplitude that can be below or above
the local irreversibility temperature.

Eq. 2.20, evidencing the order parameter phase contribution, is
rewritten in the form

1
Frp 0] = zazsz
z

/ d*r {a2 J. (V,,G — %A..) 2 + J1[1 — cos(f4y — 9;)]} (2.36)

72
where J, = 1 4mnh and J, = 2nJn; are the order parameter phase

coupling constants respectively on the plane and between planes
and s is the distance between layers. In Eq. 2.36 the Joseph-
son coupling [1 — cos(¥; — 9;)] between neighboring lattice sites
in a given layer has been replaced by the phase gradient. In this
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way the occurrence of superconducting droplets above the critical
temperature is assumed, and the order parameter can fluctuate in
phase, producing thermal excitations (vortex and antivortex pairs
in 2D, vortex loops in an anisotropic system). The potential vector
A, in Eq. 2.36 describes both the magnetic field applied parallel to
the ¢ - axis and the one induced by thermal fluctuations. By con-
sidering, as usual, the partition function Z = [ Dfexp(—8F.p [6])

1
with 8 = Pl the susceptibility is
B

——

oMy F 11822 (1 32)2

XT8H T 8H? B |ZOH* \ZOH (2.37)

=

Y is obtained as the sum of three contributions:

0*Frp ? / OFLD ., 0Fip\\’
= () - o () e
where () means the thermal average. From the térms in Eq. 2.38

(see Appendix B), the diamagnetic susceptibility is obtained in the
form|[72, 73] |

- - 92

 kgT 1 H\?
X~ 7582 (1 + 2ns) H('f'ﬁ) ‘SJ

1 3275(1—1—713) | 47Tn R2J, (2« 2 H\?
;;,;—'_ (H\%s T 040 s (q)g) (-ﬁ:) 0 (2:39)
[1"'.(?1?). ] |

where ng - s is the correlation distance between vortex line in the
same position but in different layers, n, is the areal density of ver-

. . 2 .
tical vortex-line, v = JL.':.’ § =& ki"T and H* = 2% an effective
d

critical field, with R, the average radius of the superconducting is-
lands.

In the limit H — 0 a good agreement of the susceptibility and its
temperature dependence with the experimental results is achieved,
as in Ref. [60]. The main differences between our susceptibility
(Eq. 2.39) and the one given in Ref. [60] consists in the presence
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H)? . .
of the factor (—ﬁ:) and of the third, positive term. Is just this
term that can cause an inversion in the sign of the susceptibility
corresponding to the upturn in the magnetization curves. This phe-
nomenon depends on the dimension of the islands and x = 0 (i.e.
the occurrence of the upturn in My vs H) requires Ry > R, where

Ry depends on some characteristics of the material. By choosing

~v = 6, the interlayer distance s = 12A, n =2, kJ“T = 2.5, which are
B
typical values for YBCO, for T' = 75.5K one estimates Ry ~ 50A.

In this case for x = 0 results %%’-’i ~ (0.06 and by considering the
experimental value H,, ~ 250 G, the effective critical field turns
out H* ~ 0.4T. |

The isothermal magnetization curves can be obtained from Eq. 2.39
by means of numerical integration. The shape of these curves de-
pends on the choices of some parameters and by using the values
quoted above, with R; = 370 A one derives the behavior sketched
in Fig. 2.15 (a) for an island below the local irreversibility tempera-

Ju _

A lead to the curve shown in Fig. 2.15 (b) for the magnetization of
the island above the irreversibility temperature. From the the dif-
ferences observed in the magnetization curves between chain-empty
and chain-disordered YBCO compounds a role of the chains on fa-
voring the nucleation of local superconducting droplets above T
can be suspected. In fact, in chain-ordered compounds the droplets
have T¥¢ smaller than the irreversibility temperature, as evidenced
by the presence of irreversibility effects, while in chain disordered
samples the T/ is higher than Tj,.. Furthermore the amount of
doping is also involved, since a marked variation of T, with n; is
evidently crucial. In the magnetization curve of chain-ordered un-
derdoped YBCO one sees that after the upturn the magnetization
progressively takes the field dependence expected in the in the GL
framework (Gaussian approximation) (see Fig. 2.16).

One could remark that in the measurements by Carballeira et al.[74]
in LASCO at Te =27.1 K the magnetization curves show only a
weak tendency to saturation and no upturn. On the other hand
in LASCO at T¢ ~ 18 K (therefore more underdoped) scanning

ture. The same parameters with T = 66 K,
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Figure 2.15: Magnetization vs. field at constant temperature for typical
YBCO samples and comparison with the theory leading to Eq. 2.39.
The solid lines are the theoretical behaviors for My obtained from nu-
merical integration of Eq. 2.39 for droplets below and above the local
irreversibility temperature.

SQUID microscopy by Iguchi et al. [62] does evidence diamag-
netic effects to associate to locally superconducting droplets. These
droplets should imply a contribution to the magnetization curves
similar to the one detected by us in YBCO compounds.

We do not discuss here the case of superconducting LASCO, by
only mentioned that in a recent work by Lascialfari et al.[75] the
upturn of the magnetization at small field is actually detected.
Finally must be noted that the phase fluctuations are not absent
in optimally doped, but their effect is less manifest than in under-
doped or overdoped compounds, because the T as function of n,
changes less rapidly around the optimal value of holes doping. Any-
way, at small field an effect of phase fluctuations has been observed

also in optimally doped YBCO (data not reported).
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Figure 2.16: The magnetization curve in the range of H = 0+ 70000 Oe
of chain ordered underdoped YBCO compound. After the upturn the
magnetization increase with the field and progressively takes the field
dependence expected in the GL framework (dashed line).
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Chapter 3

Y NMR study as a
function of the doping
amount

In the first part of this chapter the basic concepts useful to inter-
prete the 3°Y NMR experiments are given. Then a brief recall of
the theoretical background required for the deep understanding of
the subsequent discussion is reported, for a model of localized mag-
netic moments (used for underdoped samples) and of delocalized
carriers (for overdoped samples). In the third part of the chapter
the experimental results of a systematic 3°Y NMR study, involving
measurements of line width, Knight shift (Ks), echo dephasing time
and spin-lattice relaxation time (T;) are presented in YBCO-type
SC’s spanning from the underdoped to the overdoped regime, in the
temperature range 1.6 — 300 K. The analysis of the data and sum-
marizing conclusions are then given. In particular, the following as-
pects are addressed. The occurrence, in the underdoped regime, of
low-energy magnetic excitations causing a divergence of the relax-
ation rates on cooling, accompanied by a concurrent broadening of
the NMR line. The unusual relation between Kg and T in the light
of the evolution of the density of states with doping. It is shown
how also a generalized spin susceptibility which includes charge and
spin excitations fails in explaining same of the experimental find-
ings, thus suggesting that a certain revision of commonly accepted
view for the microscopic magnetic properties in YBCO family is
still necessary.
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3.1 Definition of the NMR quantities and ex-
perimental methodology

In NMR experiments the microscopic properties are detected by
studying the nuclear magnetlzatlon and its tlme evolution towards
the equilibrium. A nucleus j having spin I =1 (like %°Y) is sub-

jected to a magnetic field H, at the nuclear 81te and the relevant
hamiltonian can be written

where

H, = —'yhf .Hp is the Zeeman hamiltonian (v gyromagnetic ratio),

=Y fj/i_,-,;gi is the hyperfine hamiltonian describing the in-
teraction between the nuclear spin I; and electronic spin 5;
with A;; hyperfine coupling tensor,

He = ), <j hf)/,')g7 [—3— :"—E}'J—] is the dipole—dipole hamilto-
nian between the nuclear magnetic moments.

In a pulsed NMR experiment all the nuclei of one species in the
samples are excited simultaneously by means of a transverse ra-
diofrequency (RF) field pulse. The RF field H; (directed along a
coil axis perpendicular to Hy) corresponds to a small rotating field
and at resonance condition the precessional frequency of fi; is equal
to wrr. By controlling the duration of the RF pulses the nuclear
magnetlzatlon can be ahgned along any direction. For a duration

T=73 :r_— the magnetization is brought in the zy-plane perpendic-

ular to H | z. Following the 7 pulse the free precession of the
nuclear moments in the a:y—-plane_ induces a signal s(t), called free
induction decay (FID). This response in the time domain is col-
lected and its Fourier transform yields the spectrum f(w) in the
frequency domain (see Fig. 3.1 part (a)). From the spectra at

'For nuclei at spin I > £ the electric interaction between the nuclear quadrupole
moment (Q) and electrical field gradient (EFG) on nuclear site has usually to be
taken into account.
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Figure 3.1: (a) The Fourier transform allows one to obtain the NMR
spectra by means of the acquisition of free induction decay signal s(t);
(b) The formation of a spin echo by means of a w/2—7 pulse sequence. A
schematic form of RF pulse and of the transverse magnetization signal is
reported. Below it is shown that a 7 /2 pulse brings My in the y direction
(1), (2) the spin isochromats fan out, when a 7 pulse occurs at time 7
slow and fast precessing spin interchange and the refocusing takes place
(3); at time 27 the echo signal is generated.
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Figure 3.2: Scheme of Hahn (a) and CPMG (b) sequences and the re-
sulting echoes. In part (c) of figure it is shown the sequence used when
T, is long: the saturation train of 7 /2 pulse is followed by a 7 /2-7 pulse
sequence. The time 7 in this case is the time in which the magnetization
is partially reconstructed along z-axis.
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Figure 3.3: Normalized 39Y NMR spectrum at T = 4.2 K (dashed line)
and at T = 300 K (solid line) for YBCO:Ca with x=0.25 and y=6.1.
dv 1s the full width at half intensity. The increase of the line width on
cooling (see also Fig. 3.6) is apparent.

different temperatures one can derive the behavior of two impor-
tant quantities, the line width, dv, i.e. the spectral width at half
intensity (see Fig. 3.3), the shift, K, of the line center with respect
to a reference, usually the same nucleus in a compound dissolved
in a solution (see Fig. 3.4).

Following a n/2 pulse the transverse component M, in the zy-
plane, can decay as a result of two processes. The irreversible decay
is controlled by the intrinsic spin-spin relaxation time T5. The re-
versible (or inhomogeneous) decay results from a distribution of
precessional frequency (due for example to an inhomogeneous mag-
netic field) controlled by a time constant usually called T3. In the
presence of both mechanisms, the irreversible decay of M, is ob-
tained by applying a second RF «w pulse at a time 7, after the
first 7/2 pulse (Hahn sequence, see Fig. 3.1 part (b), and Fig.
3.2 part (a)). At the time 27,, after the first pulse the echo signal
is generated, in concomitance with the refocussing of the nuclear
spins. In fact during the time interval 7,, the nuclear spins have
been spread in the zy-plane as a consequence of the distribution of
the precessional frequencies (see Fig. 3.1 part (b)). The decrease
of the echo amplitude as a function of 27, yields the intrinsic Ts.
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Figure 3.4: Shift of NMR spectrum, KT, with respect to a reference
line. The 39Y NMR spectrum of YBCO:Ca (x=0.25, y=6.1) (dashed
line) with respect to the one of YCl3 (solid line) at T=300 K is reported.
On the x-axis the 0 frequency corresponds to the resonance frequency
of 19.608 MHz, in 9.4 T field.

Another sequence used to measure longer T, is the CPMG (Carr,
Purcell, Meiboom, Gill), that originally consisted in a train of refo-
cusing m-pulses separated by 27,, smaller than T, in order to avoid
the autodiffusion effects. A continuous reconstruction of the echo
signal is obtained with this last technique (see Fig. 3.2 part (b)).

The pulse NMR techniques offer simple and direct methods to mea-
sure the recovery of longitudinal magnetization towards the equilib-
rium condition after a given non equilibrium situation is induced by
a sequence of RF pulses. The regrowth of the FID, or of the echo
amplitude, towards its equilibrium value yields the recovery law,
with a time constant T; inversely proportional to the relaxation
transition probability W, that is related to the time-independent
part of the interaction Hamiltonian. Generally for I = 7 the re-

covery law for M, is exponential: M,(t) = M|l — e"T‘tI]. The
magnetization is reestablished along z-axis due to the T; process
and therefore it is not directly detectable being the pick-up coil
sensitive only to the component of magnetization in the x-y plane.
Therefore a second pulse is necessary to measure the spin-lattice
relaxation time T;. The basic idea is to perturb the magnetization
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from its equilibrium state with one pulse and examine its recovery
along the z axis after a variable delay with another pulse, for exam-
ple a w/2 pulse. Often the w/2 and 7 pulses yielding the echo signal
are preceded by a saturating train of /2 pulses (see Fig. 3.2 part
(¢)) in order to achieve full saturation of the line, thus avoiding the
so-called spectral diffusion yielding an artlﬁcmlly fast recovery at
short times. For details on basic NMR aspects in solid state physics

see Ref. [76].

3.2 Basic theoretical background.

The theoretical expressions for the Y NMR quantities defined in
the previous Section, and used in the subsequent discussion, are
recalled in the following, with direct reference to superconducting
cuprates. In particular the quantities 2W = -, 5- and Kr will be

related to the generalized spin susceptibility x(q, w)

3.2.1 Line width

The NMR line shape can be due, in principle, to several contribu-
tions. The first one arises from the rigid dipolar lattice, namely
the interactions with like 89Y and unlike 5365Cu nuclei and yields
a Gaussian line shape and it can be written in term of the second

moment, M,, |
- ) 1 _u?
u) = —e 2M; 3.2
with u = w — wg and wy, effective resonance frequency or center of
the line, or equivalently in the free induction decay FID (or half of

the echo signal):

s(t) ='e“¥§ﬁ (3.3)

The evaluation of the second moment due to the dipolar interac-
tions, in powdered samples of YBCO, has been given by Markert et

al.[77]. If other sources of Gaussian broadening, such as field inho-
mogeneity, distribution of demagnetization factors, etc., are ta.ken

into account, the full width at half intensity (FWHI) év ~ 2.36 M. 2
of the #Y NMR line above Tc can be expected around 1KHz. 61/
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should depend only little from doping and should be practically
temperature independent, down to T¢.

In the superconducting state a further source of broadening of the
39Y NMR spectra is due to the bulk distribution of the local field
induced by the flux lines lattice. In fact the Y tracks the local
field modulation[78]. One will see that the increase in the line width
in the low temperature range (see Sect. 3.3 and Fig. 3.6) in under-
doped samples cannot be explained by taking into account only the
contributions from the flux lines lattice. When a given source of
fluctuations of the longitudinal field h,(t) is active, the line shape
can be written

f('u,) — / e tut <ei‘7f<;' hz(t’)dt’> dt (3.4)
)
The effective correlation time is
> (h(0)h.(t)) / >
T, = dt’ = L(t)dt’ 3.5
b T RO) , o) (35)

with g,(t) the correlation function. In the slow motions condition,
when 7, is larger than the inverse of dw, =~ 7v+/(h2) (rigid lattice
line width), the contribution to the line shape f(u) in Eq. 3.4 is
Gaussian and the second moment M, = (dw?) adds to the second
moment M, in Egs. 3.2 and 3.3. In the fast motions condition,

when 7, < [(6@2)]"%, f(u) in Eq. 3.4 turns to the Lorentzian line
shape, with line width

(bw)r = (dw?) 7. (3.6)

Correspondingly the FID signal (and equivalently half of the echo
signal) should be a mixture of Gaussian decay described by Eq.
3.3 and of an exponential decay. For fast motions the exponential
decay of the FID (or of the echo amplitude, if a reversible fast decay
is associated to an inhomogeneous broadening implying T% < T3)
yields a time constant T5 so that

'i-.]";,' = :%Jzz(o) (37)
where oo
Jzz(W) = [_ . dt e~ (h,(t)h.(0)) (3.8)
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is the spectral density of the random modulation of the field.
In the previous equations dw is the line width, FWHI, in rad s~*.

3.2.2 Spin echo dephasing

The spin echo dephasing time T, (as measured in a two pulse 7/2 —
T — T— echo experiment, when a reversible fast decay is associated
to an inhomogeneous broadening yielding T% < Ts), can detect the
dynamical effects modulating the local field h,(¢). This detection is
usually more effective than the one reflected in the line width and its
description is more complex than that for the spin-lattice relaxation
rate T;! (see later on). Looking at the echo decay is particularly
useful when the motions modulating h,(t) are slow. In this case in

fact the contribution to T;' is small and the contribution to the
line width is not clearly resolved. The decay of the echo amplitude

can be written[79, 80, 81]

. ho(27) = ha(0) - e~ ) [ (eirtatmm)] (39
with
9Ty, T,) = 2:_:"’ (1 -— e"%) : (3 — e"%) . (3.10)

assuming, as usual, a stationary Gaussian random frequency mod-
ulation and an exponential correlation function for h.(¢). In Eq.

3.9, n is in between 1 and 2, depending on the character (Gaussian
or exponential) of the intrinsic contribution described by T. From
the above Eqgs. 3.9 and 3.10 one sees that even for ultra-slow mo-

1
tion, namely (6w?)2 - 7, > 1, the echo dephasing still allows one to
detect a motional eftect, described by

zgawz)fs;)

31"2;

he(27m) e—( (3.11)

even though the FID or the resonance line (as well as T{') are
practically unaffected.

One should remark that, in principle, also spin-lattice interactions
contribute to the dephasing of the echo.

A first contribution implies a Redfield term e~ in Egs. 3.9,
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3.10, 3.11, where a is a constant of order of unit and 77 is the
experimentally measured spin-lattice relaxation time. In view of
the long values of T; measured for Y (Fig.s 3.7, 3.8, 3.9) one can
neglect this Redfield correction to the echo decay

A second contribution to 3°Y spin-echo can arise from T -driven

fluctuations of the un-like $3%Cu nuclei. When T{°™ is of the
order of the pulse separation 7,, between the pulses leadlng the 89Y
spin echo, one can expect[82, 83| a peak in the spin-echo dephasing

rate (T3 1). In optimally doped YBCO the maximum effectiveness
of this mechanism, which contributes with a exponential decay to

h.(t), occurs around 60-70 K.[80, 81, 82]

3.2.3 Khnight shift Kg

The total shift of the spectrum line is the sum Kt = K5 + Ks.
Ko is given by the orbital and chemical shift contribution, it is
temperature independent and it amounts to about 150 ppm with
respect to the 3°Y resonance in the reference YCl3{84]. Ks, or
Knight shift, is related to electronic contribution. In the following
Ko s will not be taken into account and for un-oriented powder
samples only an isotropic shift Kg resulting from a scalar nuclei-
electrons interaction will be considered.

Kg is conveniently related to the spin susceptibility:

Ks = B__Xspm = Drgupx’ (3.12)
giB

where Dy is a magnetic field (z—component) at the Y site and where
the static spin susceptlblhty X' (m eV ! units) has been introduced,
with Xspin = g /J'BX
Kg, depending on the mterpretatlve model, can be obtained from
the field induced polarization of delocalized Fermi-like carriers or
from the static field < h, > at _!:he Y site due to the localized
magnetic moments .5 < S, >y at the Cu®t spin, < h, >
is mastly due to the transferred hyperfine contribution, the dipolar
part being negligible.

Model of Localized magnetic moments, LM

In cuprates the 3d electron band is rather narrow and in the tight
binding models the magnetic properties are usually well described
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by a spin-localized scenario, with maximum spin density on the
Cu(2) sites. In this case the field at the Y site can be written <

h, >= Zf____l D; < Sﬁ’) >p 7. D;isabout —4 KOe and x’ in Eq. 3.12
is the ¢ = 0, w = 0 limit of the generalized spin susceptibility x(q, w)
pertaining to the Cu?* magnetic moments in strong AF correlation.
This interpretative scenario of localized magnetic moments should
be more suitable for strongly underdoped compounds.

Model of Delocalized carriers, DC

This somewhat opposite interpretative model assumes that doping
drives the hybridization of 3d Cu electrons with the Fermi liquid of
the itinerant hole carriers. Dy in Eq. 3.12 is the hyperfine contact
term and it can be seen as & (uz)? gup ((ux) being the average of
the Bloch function for carriers at the Fermi surface). The static
susceptibility x’ is usually written as|]

/ _ P(Ep)
x'(0,0) = — To(By) (3.13)

with p(EF) the density of states at the Fermi level and 7 = 7,
coupling constant between carriers accounting for the AF correla-
tion. 7 enhances the susceptibility of the bare holes and it can be
doping-dependent. This latter model of delocalized carriers is likely
to be more appropriate in the overdoped regime.

Finally it must be mentioned that the applicability of a model in
which charge and spin excitations for conventional Fermions are
embedded in an energy-dependent density of states has been dis-
cussed by Cooper and Loram|85]. In particular Williams et al.[86]
have proposed a way to account for the evolution of Kg with doping
within the DC scenario. x'(0,0) is substantially rewritten as the
Pauli spin susceptibility

oo

o(E) [ 9/(E) J dE (3.14)

X(0,0 = [ i

—O0

where pp is the Bohr magneton, f(¥£) is the Fermi function and
p(F) is the density of states. One assumes that p(F) is the sum of
two contribution: an energy independent one (in two dimensions)
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and an energy dependent one, pinned at the Fermi level and growing
with the doping (for ns > 0.17). p(E) can thus be written

p(E) = (1 - y)pr + ypun(E) (3.15)
h2k2 -

where p;, = o is the free-electron energy-independent background;
puh is the contribution from a dispersion relation of the form E(k) =
—2t(cos (kra)+cos (k,b), with t related to nearest-neighbor hopping
probability: y is the "amplitude” of the energy dependent peak and
its value depends on hole concentration|[86].

3.2.4 Spin-lattice relaxation

The spin-lattice relaxation is driven by the fluctuations of the trans-
verse components h(t) of the local field h at the Y site. Generally

it can be written

=W =1 [(@no)era  (316)

where hy are the transverse components of h and wg is the NMR
resonance frequency. The relationship between the relaxation rate
1/T; and the dynamical spin susceptibility x(¢,w) can be obtained
from Eq. 3.16[5]

89, 2 n (=
T = -lkBTZAg.Xi(q’“’m) (3.17)
q

2N Wyn

A, are the FT"s of the lattice functions specifying the position of the
magnetic ions. Ag can be assumed independent from the orientation

of the external magnetic field and in the model of localized spins
(LM) is given by

A= D7 {cos2 g—;ﬁ cos’ g—;é cos’ %—q} (3.18)

where d is the distance between the CuQO, planes. x”(q,w) in Eq.
3.17 includes the term gu%. For ferromagnetic correlation among
planes, g, = 0 in Eq. 3.18. For delocalized carriers AZ is practically

g-independent.
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A rather general expression used in the interpretation of the NMR
relaxation in HTSC is:

( X" (q, w)

W

) = X003 (3.19)

where the static susceptibility is related to the collective amplitude
of the normal excitations. In particular, assuming a correlation
function of the exponential form with only a correlation time 7,
the relaxation rate could indicatively be written in the form

1 9 27,

A ————

= Wy -
T1 h 1+w§t7’3

(3.20)

where wy, = v4/< h >.
In the DC model one can analyze the data for T; starting from the
relaxation rate for weakly interacting electrons

1 940 / 2 _of |
T = A*kgTh p(E)( 5F dE (3.21)

where p(F) is the density of states. If gi is written as 6(F— FEr) and
the conditions for ideal metal are used, one obtains the Korringa

relation .
T7! o T(p(Er))* o« K3T. (3.22)

In the framework of DC model with pinned p(E) one should use
the p(F) given by Eq. 3.15. In Ref. [87] has been evidenced that,
in contrast to experimental results, in the framework of this model
T should be sensitive to role of (yp,,) more than Ks.

As for Kg the problem is to find a proper expression for the dynam-
ical susceptibility. A recent attempt to derive a form of x(q,w),
capable to fit the temperature dependence of 3%°Cu and %Y T, in
optimally doped is due to Zavidonov and Brinkmann|88], by using
a two-times Green function method, within a framework of a t-J
mode. x(q,w) is formally similar, in the limit w,, — 0 to the super-
position of two rather general expressions usually written in term
of amplitude and of decay rates of the excitations:

X"(q@,wm)  xs(0,0) xs(0,0)
o =T L AP (3.23)
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Here xs(0,0) is the static susceptibility, while I';(0) and I'y(AF)
are decay rates which lead to a response function dominated by two
kind of excitations and peaked at ¢ = 0 and ¢ = q4r = (%, Z), with
a smooth g-dependence. It must be noted that in this theory|88]
I',(0) and I')(AF) depend on the extra hole concentration. Fur-
thermore it should be stressed that the ¢ = 0 contribution is not
simply associated to free holes but it includes excitations of charge
and spin degrees of freedom. This remark is particularly relevant
since, as observed by Nandor et al.[89] in optimally doped YBCO
by means of high temperature measurements of 3°Y relaxation, the
linear temperature dependence of T strictly follows the Korringa
law (T7' oc KZ-T) in spite of the fact that the Knight shift Kg
(and hence the static hole susceptibility) drops by 12 + 13% be-
tween room temperature and 700 K. Finally we recall that the g-
dependence of A2 (Eq. 3.18) filters out the AF fluctuations, which
instead dominate the behavior of the ®3Cu relaxation rate. This
means that the 3°Y relaxation rate can be written, in practice, only
in terms of the first contribution in Eq. 3.23:

1 1 Xs
2. _.Dp2_ 3.24
2 TN 4T, 0) (3:24)

q

1 g
T,

Y

(the form factor is practically g-independent for delocalized carriers,
as already mentioned). By using as free parameter at T=0 the
correlation length & Zavidonov and Brinkmann|88] have been able
to fit the experimental results for 3Y T, in optimally doped YBCO,
in the temperature range 100 + 300 K, obtaining &, = 4.2, in lattice
umts.

3.3 Experimental results

In this Section the experimental results of Y NMR line width,
Knight shift, the echo dephasing time and the spin-lattice relax-
ation time, in the temperature range 1.6 — 300 K, are reported.
89Y NMR measurements have been carried out by means of stan-
dard pulse technique in a field of 9.4 T. In the SC compounds of
YBCO family, 3Y nucleus, lacks of quadrupole moment and filters

out[5] the AF correlation. For this reason 3Y nucleus has been used
in several NMR studies[90, 86, 91, 92] on YBCO compounds. The
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experimental results of this thesis work are often compared with
those obtained by other research groups in optimally, underdoped
and overdoped samples.

In Fig. 3.5 the Knight shifts (Ks) of the Y resonance line with
respect to a reference solution of YCl; are reported. Kg is obtained
from the total shift by subtracting Ko s ~ 155 ppm. The Knight
shift displays the temperature dependence already noticed in pre-
vious works|93, 89, 29], with (—Ks) increasing from 100 ppm to
150 ppm on cooling from 300 K to T, in overdoped samples, while
(—Ks) decreases of about 100 ppm in the same temperature range
in underdoped compounds.

The %9Y NMR line width dv was found practically temperature
independent down to T in optimally doped and in overdoped com-
pounds, showing only a little increase on cooling. Only in the
superconducting phase the well-known marked broadening related
to the vortex lattice[5] was detected in these samples. On the
contrary, in underdoped compounds the line width dv (see Fig.
3.6) shows a sizeable increase which starts above Tp. In the SC
phase this broadening is further enhanced and it superimposes
to the one expected from the field distribution associated to the
vortexes. In fact in optimally doped YBCO for T' — 0 one has
dvrprox Ap(0)%x ng = 9KHz, A\ being the London penetration
length and n¢e the number of carriers. In underdoped YBCO the
T = 0 line broadening évg1(0) (due to the vortex lattice) should
decrease with respect to the optimally doped compound by a. fac-
tor around the ratio of the carrespondent transition temperatures.
Thus in Fig. 3.6 the solid line is the schematic form of the broaden-
ing expected below T¢ with dvprr(0) scaled by the factor (35 K/91
K) and going to zero for T ~ T¢c = 20 K.? From Fig. 3.6 is thus
evident that a further mechanism of line broadening occurs in the
low temperature range of underdoped compounds and that it sets
in well above To(H). To(H) has been estimated by SQUID mea-
surements and by detuning of the NMR resonance circuit.

The spin lattice relaxation rates T7' are separately reported as a

>The estimate of the linewidth, arising from supercurrents in the vortex lattice
state in 9 T applied field, given by London model is approximated. Using the approach
of E.H. Brandth[94] the linewidths can be calculated and the values are larger (until
50% in certain cases) respect the estimate made. It is noted, however, that the
increasing of linewidth cannot anyway be due to vortexes because the broadening
starts at T larger than To(H) (see Fig. 3.6).
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Figure 3.5: 3°Y NMR Knight shift (reference YCls3) as a function of tem-
perature in underdoped and overdoped regimes of Y;_,CaxBasCuzOy,
for y =~ 6.1 and y = 6.96 respectively (») x = 0.25, T¢(0) = 35 K; (W)
x=0.10, Tc(0) = 74 K;(o) x=0.10, Tc(0) = 70 K; (o) x = 0.05,
Tc(0) = 82 K. The data represented by (V) and by ({) are from Ref.
[29] for x=0.22 and T¢(0) respectively 30 K and 59 K, while the ones
represented by () and ((A)) are from Ref.s [91, 92]. For comparison
also the data in optimally doped YBCO (from Ref. [89]) are reported
() with the sketchy behavior given by solid line. It must be noted that
Kg is obtained from the total shift by subtracting K¢ s ~ 155 ppm.
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Figure 3.6: 39Y NMR line width dv, in a field Hy = 9.4 Tesla, as a func-
tion of temperature in the underdoped regime of Y;_xCaxBasCuz0¢ 1.
The data indicated by (A) are from Ref. [29]. The range of the su-
perconducting transition temperature in the magnetic field is indicated.
The solid line below T (H) is a sketchy behavior of the contribution to

the line width expected from the vortex lattice (see text).

function of temperature in the normal state (Fig. 3.7) and in the
superconducting phases (Fig. 3.8 and 3.9), for typical overdoped
and underdoped samples.

For the normal state the trend of Ty!, in overdoped samples, de-
creases linearly with T as in the Korringa relation (see Eq. 3.22),
but in this case Kg is not independent on temperature. On the con-
trary Kg, as shown in Fig. 3.5 increases by a factor 15% from 100
K to 300 K. It must be reminded that the data reparted in Fig. 3.5
are obtained from the total shift by subtracting Kos ~ 155 ppm.
In underdoped samples the temperature behavior of the relaxation
rate in the range 50 < T' < 300 K shows that the density of state
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p(Er) (see Eq. 3.21) decreases on cooling. Thus, as one can see
also from Knight shift measurements, the opening of a pseudo gap
in the charge or spin excitations occurs in underdoped regime. Be-
low T¢, by using Eq. 3.21 and writing p(F) in the form pertaining
to d-wave symmetry, yielding p(F) o E for E — 0, one would

obtain 77! o« T2 (see Ref. [5]). The fast decrease of relaxation
rate in the superconducting phase is generally, in part, masked by
the relaxation mechanism due to flux line motions which appear
at temperature close to the irreversibility temperature. The trend
just described is well followed by T;' in overdoped samples. Be-
low T the relaxation rate in overdoped samples (see Fig. 3.8) is
approximately the one expected in SC phases once that a contribu-
tion from lattice vortex motions around the irreversibility temper-
ature is taken into account (see the qualitative behavior reported
“as solid line in Fig. 3.8 and obtained by scaling the data found in
YBCO124[95]). In underdoped compounds, on the contrary, the
presence of a peak at low temperature is observed .

Before describing the measurements in underdoped regime, it is
necessary to comment about the recovery laws. It must be re-
marked that in the normal phase they are all described by a sin-
gle exponential, as expected for I = 1/2 with a site-independent
fluctuation dynamics or anyway when the condition of a common
spin-temperature is achieved. For overdoped compounds a single
exponential recovery law is detected also below T, as shown in
the inset of Fig. 3.8. On the contrary, in underdoped compounds
(Fig. 3.9) a fast relaxing component, of stretched exponential char-
acter, is found to arise progressively on cooling below about 60 K.
In the inset of Fig. 3.9 a typical experimental finding for recov-
ery law is reported. In Fig. 3.10 one can see that on cooling the
weight of fast relaxing component increases, while the one of the
slow relaxing component decreases. In the low temperature range
the component at long T; follows approximately the temperature
behavior expected for the usual temperature dependence of T; in
superconducting phases. On the contrary the fast relaxing com-
ponent in underdoped compounds shows a divergent behavior on
cooling, with a maximum occurring at a temperature 7, around 7-8

K. In Fig. 3.9 is reported only the short component of T, Ty,
1

obtained as the time required to reduce the recovery to e~ 2, once
that the slower component of the recovery has been subtracted.
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Figure 3.7: a) 39Y NMR relaxation rate in the normal state, as a function
of temperature, in the overdoped Y;_xCa,BasCu3zOs g5 (part (a)) and
underdoped Y;_,Cay,BasCu3zQg.; (part (b)). The solid lines, in both
graphics, represents relaxation rate according the theory from Ref. [88]
for optimally doped YBCO, which yield a good fit of the experimental
data (¢) by Nandor et al.[89]. The dashed line in part (a) is the best
fit behavior of the data in overdoped compounds according to the law
T"1 o< KZT, in the hypothesis of Kg temperature independent (which
is not correct since a reduction of Kg by a factor about 15% from 100
K to 300 K occurs in overdoped compounds; see text and Fig. 3.5). In
part b) the data V for x=0.22 (T-(0) = 30 K) are the ones reported in
Ref. [29] and the dashed line tracks the effect of the spin gap opening
occurring below about 350 K, in underdoped samples. In the inset a
typical recovery plot detected in normal state is shown.

The echo dephasing time T, has been measured with the stan-
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Figure 3.8: 39Y relaxation rate, in the low temperature range in over-
doped compounds. The inset evidences how the recovery law is a single
exponential also below Ty in overdoped regime. The solid line is the
sketchy behavior of contribution to the relaxation rate due to the ther-
mal motions of flux lines, as qualitatively estimated from the data in

Y124 (see Ref. [5, 95]).

dard n/2 — 7 — 7w sequence and CPMG sequence. The results of

T;! as a function of temperature are reported in Fig. 3.11. It
is worth noting that in CPMG T2 measurements the suppression
of the peak occurs, because the CPMG method filters out the dy-
namic contribution with characteristic time 7, > 7¢¥MG_ In the
inset the blowing of the 1/T; data at low temperature better evi-
dences a peak at T' =~ 7 K and an increase for temperatures below
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Figure 3.9: 39Y relaxation rate, in the low temperature range of un-
derdoped compounds. The inset evidences that in underdoped regime
the fast-relaxing component to the recovery law is observed. Tl“s1 refers
to the fast relaxing component of stretched exponential character (see
inset), with T taken as the value at which this component reduces to
1/4/e, where separation between fast and slow relaxing component was
performed. The lines are guides for eyes.

4 K. In Fig. 3.12 the progressive change-over of the echo decay on
cooling is shown. For fluctuation frequencies for the z-component
of the local field of order of 7,;! the echo decay evidences a trend
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Figure 3.10: Comparison of the recovery laws at representative temper-
atures showing how they change on cooling. In the inset the weights of
the fast and slow exponential components, as a function of temperature,
are shown.

x e~ (32 ) , as expected in rigid lattice condition. Nevertheless, on
further decrease of the temperature the echo decay changes again
its form.

3.4 Analysis of the data and summarlzmg con-
clusions

The Y NMR measurement allows one to investigate the whole
phase diagram from underdoped to overdoped regime. By studying
of characteristic NMR quantities as function of temperature in un-
derdoped, optimally and overdoped compounds several phenomena
have been pointed out[5]: the spin gap opening and the coexistence
between superconductivity and magnetism in underdoped samples,
the study of superconducting fluctuations above the critical tem-
perature and the study of vortex lines and flux lines dynamics in
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Figure 3.11: Inverse of the dephasing time of the spin echo in
Yo.75Cag.25BasCugOg 1 for the Hahn (M) and for CPMG sequence (A),
as a function of temperature. In the inset the blow up of data for the
Hahn echo in the low temperature range is shown.

superconductivity state. In this section an overview of the experi-
mental results, presented in the previous Section, will be given. Two
aspects will be broached in some details, the linear dependence of
(1/89T;) vs. T in overdoped and optimally doped compounds and
the peak at low temperature for (1/%°T;) and (1/%°T,) in under-
doped compounds.

Normal state

In the normal state of underdoped compounds, at temperature
below T™* (that is ~ 350 K), both T;? and K decrease for decreas-
ing temperature (see Fig. 3.5 and part (b) of Fig. 3.7). This de-
parture from the linear temperature dependence of T ' is in agree-
ment with previous observations[84, 90, 86, 91, 92| and it has been
ascribed to the spin—lgap opening. For a Fermi-like spectrum of
excitations, since T;" oc p?(Er) (see Eq. 3.21), one could relate
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Figure 3.12: Normalized echo amplitude for representative tempera-
tures. The echo decay changes progressively on cooling showing first
a single exponential, then an exponential with cubic power, finally a
stretched exponential law.

the spin-gap opening to a charge pseudo-gap, observed by means
of various techniques[85]. However, the ®Y NMR experimental
findings indicate that a delocalized-carriers model can hardly be
applied in the underdoped regime. Thus one is led to conclude that
the spin-gap opening has to be related to a phenomenon of mag-
netic character, such as precursor superconducting fluctuations well
beyond the Ginzburg-Landau scenario or antiferromagnetic fluctu-
ations leading to a local situation similar to the one occurring in
the parent AF, with a gap between the lower and upper Hubbard
bands.

In optimally doped and overdoped compounds the relaxation
rate depends linearly from temperature (see part (a) of Fig. 3.7).
On the other hand this behavior does not agree with the Korringa
law T;T oc K3% (Eq. 3.22) since Kg in overdoped compounds is
temperature dependent, decreasing by about 20 <+ 25 percent on
increasing temperature from 80 K to 300 K (see Fig. 3.5) (a tem-
perature independent contribution K s ~ 150 ppm is considered in
this estimate). As mentioned in Sect. 3.2 the behavior of Kg has
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been explained by Williams ef al.[86] on the basis of a Fermi-gas
like model for the density of states, including a peak growing in
the overdoped regime (and a gap in the underdoped case) pinned
at the Fermi level. This DC model, as qualitatively discussed in
Ref. [87], cannot be used to analyze the data for T;. On the ba-
sis of Eq. 3.15 py(E) was numerically extracted and by means

of Eq. 3.21, T;! has been evaluated. It was seen that T should
be more sensitive to the role of (yp,n) than Kg. In recent papers
Zavidonov et al.[88] have derived an expression for the generalized
susceptibility that includes in a direct way the dependence on the

extra hole concentration. In this theoretical picture[88] X% 9) i
not interpreted as arising from free holes but rather from collective
excitations including charge and spin degree of freedom.

The data of 3Y T; and Kg, shown in the previous Section, have
been tested[96] with the theoretical behavior expected from Eq.
3.24 and xs and I'; from Ref. [88], in correspondence to a value
n, = 0.21 for hole concentration. The experimental behaviors are
not very well reproduced (see Fig. 3.13). Only by altering the slope

of Kg vs T to a certain extent, the temperature behavior of T7*
can be apparently well fitted, but in a limited temperature range.

Superconducting state

In the SC state the temperature dependence of T;' in overdoped
(and in optimally doped) YBCO (Fig. 3.8) substantially agrees
with the one expected for spin-singlet and d-wave pairing, with a
slight shoulder around T' &£ 50 K which can be attributed to the
flux-lines motions occurring around the irreversibility temperature.
The behavior in underdoped compounds is dramatically different
(Fig. 3.9). A sharp peak in T7' is detected, with a maximum in
the relaxation rate at T, ~ 8K, indicating that slowing down of the
spin fluctuations in the range =~ 20 - 2rMHz occurs. The recovery
law is no longer a single exponential but rather turns to a stretched
exponential. Therefore a further source of relaxation, superimposed
to the usual one in the superconducting phase and not presented in
overdoped samples, has to be taken into account. On general phys-
ical grounds, in view of the frequency and temperature dependence
of T';’s and of the recovery law trend, one can write the relaxation
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Figure 3.13: Tentative fits of T; and Kg on the basis of the generalized
susceptibility given in Ref. [88] for n, = 0.21.

rate (Eq. 3.20) in underdoped SC phase as follows:
2W =72 < (hy)? > j(wm, Te) (3.25)

where j(wm,Te) is the spectral density at w,, =%y Hy, and 7, is
the effective correlation time for transverse fluctuations of effective
field at the nuclear site h., with mean square amplitude < (h4)? >.
The stretched exponential recovery corresponds to

(o)t _ /0 T (%—1-) el =g (%) (3.26)

T
where p (—1—-) = T re-?f%’ is a distribution function that can
™ ave( )’

be related to the distribution of the energy barriers £ and yielding
an average correlation time

< Te >= 7‘06%%, (3.27)
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while
< T, >

1+ w2 <7 >2

(3.28)

j(wma Te) =

In particular assuming a rectangular distribution of energy barrier,
of width A, Eq. 3.28 can be written[97]

1 (E+A) (E-A)
H(Wm, Te) = o B [arctg(rowme e ) — arctg(Towme T )]
mT
(3.29)

In Fig. 3.14 the fit of the data in Y 75Cag.25Ba3Cu3Og, according

to this Equation in compared to the one for a single correlation
time. From fit of the Y T, data in the light of Eq.s 3.25-3.29 one

can obtain
T~8-10" s, E=22Kand A=16 K (3.30)

The value of the average energy barrier for Ygg5Cag.15BasCuzOg.1
is ~ 30 K (data not reported).

From the maxima in the relaxation rates (occurring at a tem-
perature frequently indicated by 7, and called " spin-glass” freezing
temperature) from Egs. 3.25-3.28 one can extract the effectlve mag-
netic field at nuclear site

1
1 Wm \?
\/< h% > = %, ( 1 ) (3.31)

In fact Eq.s 3.27 and 3.28 imply

I (whny < Te(Ty) >) = ;}—1-— (3.32)
and substituting this result in Eq. 3.25, the Eq. 3.31 is obtained.
For YBCO:Ca x=0.25 /< h1 > ~ 16 Oe, for YBCO:Ca x=0.15

v/ < hi > ~ 18 Oe. It must be noted that while the average en-
ergy barriers are of the same order of the one in underdoped LASCO
(see Ref. [98, 99] and Fig. 3.15), the effective field in Cu-O bilayer
compounds is about an order of magnitude smaller than the one
associated to a single "magnetic” layer. In fact /< hZ > ~ 150
Oe in LASCO with x=0.1 (for experimental data see also Ref.
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Figure 3.14: Fit of experimental results for T;' in
Yo.75Cagp.25BagCu3z0¢; for a single energy E (dashed line) and a
rectangular distribution (solid line). The values derived from the solid

line turn out < E >=22K A = 16K 19 =5 % 10~ 10,

[100, 101, 102]). For field generated by magnetic moments uncorre-
lated and approximately located onto the Cu-O plane, the field at
the %Y nucleus should be larger than the one at the *°La site by a
factor around 2.5 (by assuming a dependence of the field from the
inverse of third power of the distance). It is conceivable that the
motion causing h(t) must have opposite phases in the two planes of
the bilayer compounds, thus yielding a kind of compensation at Y
site. In other words in bilayer compounds the correlation between
adjacent CuQ, planes partially cancels out the effective fluctuating
field at the Y site. From the data in Fig. 3.15 it appears that
an external magnetic field, up to 23 Tesla, has practically no ef-
fect on the magnetic dynamics driving the relaxation process. This
can immediately be realized by comparing the maxima in zero field
(NQR) and in the field Hy = 23 Tesla. The maxima approximately
scale with the ratio of the measuring frequencies (w,, ~ 18 MHz
and w,, ~ 140 MHz, respectively) in accordance to Eq. 3.27 for

82



L | ¥ T
o 0 X006 H-00NGR) | e STk HooaT
- N e - 1 —
: e x=0.1H=9T, Hilc M- | 4 =025 TUOSISK H=9T
i a
) m x=0.1, H=94T, Hfc W@ j 1
~  x=0.1, H=23 T, Hl//c ; -
l & 5 x=0.1,H=23T,Hperpc . -
: Al
10°4° o T .
s O 7 T
_:f-\ 12?'? . e
£ 1= % :' =
_ o ~
= | Q w,
™Y 1nl “ LT i -~
10 - 0 A . '
% ‘ Q .
1 %, -
W&
i E i H l —0,1
¥ 2 s '
0 hal "N _ L
10 3 v -
] (a)
— 1 T T T r d I L T T T 1T T 1
0 10 20 30 60 O 10 20 30 40 50 60
T(K) (K)

Figure 3.15: 139La NMR-NQR relaxation rate in underdoped LASCO
(single crystal) (part a) and 3°Y NMR relaxation rates in Ca-doped
YBCO (part b). For LASCO samples the transition temperature 7 (0)
in zero field are T (0) =~ 25 K and T¢(0) = 10 K for Sr amount x=0.1
and x=0.06 respectively. For YBCO:Ca x is the Ca content (oxygen
stoichiometry about 6.1, with some differences between the two samples

at x ~ 0.15).

Te ~ w!. The magnetic field independence can hardly be justified
if one assumes that the fluctuating fields h(t) is due to magnetic
dipoles. A field of 23 Tesla should introduce a marked anisotropy
and then affect the spin dynamics in a considerable way, as it is
known to occur for relaxation processes driven by the spin dynam-
ics in ordered and in disordered systems.

In conclusion, one has to look for a source of fluctuating magnetic
field that in a natural way implies a distribution of activation ener-
gies, activation energies of the same order in different compounds
(namely YBCO and LASCO), phase relationship to grant compen-
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sation of the effective field in between the Cu-O planes in bilayered
compounds, independence from an external magnetic field.

These points can be explained assuming that the low energy spin
excitations are not due to magnetic moments but rather related
to sliding motions of orbital currents (id-CDW) coexisting with d-
wave superconducting state. The phenomenological analysis given
above is corroborated by the formal conclusions based on an ex-
tended t-J model including the Coulomb interactions[98]. In this
description the hamiltonian is written

0 70,d: n;n;
H = Ztm@pd & p+2ZJ.,J [3,5J ] QZG‘355
(3.33)
where s; is the number of extra-holes per unit cell and @fd 7 (@;"dp )

the creation (annichilation) operator constructed on basis of singlet
combination of cooper (d) and oxygen (p) states; J;; is a measure
of AF coupling between nearest neighbor sites ¢, 7; ¢;; is the hop-
ping integral that describes the motion of electrons without caus-
ing a change in their spins; n; = Y __®77, and the terms with
G;; is the Coulomb interaction. (For detail about this theory see
Ref. [103, 104, 105]). The d-wave superconductivity can coex-
ist with extend charge density wave (id-CDW), as shown in other
works[106, 107, 108] and the correspondent ordered phase is a stag-
gered pattern of orbital currents[109]. The quasi-particle damping
resembles the situation in disordered superconductors, in agree-
ment to nanoscale inhomogeneities (and then localization) which
is known to occur in underdoped cuprates. From the fact that
the relaxation rates are due to a progressive slowing down on cool-
ing (with the slow motion condition below T,) and not to a phase
transition (see Ref. [98] for details) it can be concluded that the
excitations are sliding currents motions. The current-current corre-
lation functions are insensitive to the external magnetic field, since
they involve correlation particle-hole type, proportional to the dif-
ference of Fermi functions with the same spin orientation. The
stretched exponential character of the recovery law is the natural
consequence of distribution in the pinning barriers for the sliding
current motions. The strong reduction of the effective field at Y site
compared to the value detected at the La site, is the consequence
of the compensation due to the phase relationship of the currents
circulating in the two Cu — O, planes of the bilayer YBCO com-
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pounds, as already mentioned.

Let us now discuss the results provided by the spin-echo dephasing
measurements (Fig. 3.11). For 7' 2 30 K the data obtained from
the Hahn or CPMG sequence practically coincide.

The difference between the Hahn and CPMG echoes dephasing
time, at lower temperature, is a direct evidence, from a qualitative
point of view, that some 7,’s have reached the range of milliseconds.
In the low temperature region, where the spin lattice relaxation rate
displays the peak around 7,, an enhancement of the decay rate of
the Hahn echo around 8 K is observed to be followed, below about
3 K, by an increase in T} Correspondently, as it is shown in
Fig. 3.12 the function h (2'rm) shows significant changeovers. For
T 2 10 K h.(21,,) is practically exponential. Around T ~ 7 K,
where the maximum in the Hahn echo decay rate 1s detected the

decay function is about of the form h.(27,) x e % . In the low
temperature range, T' < 3K, the function h.(27,) cha.ngee again to
a form resembling the stretched exponential involved in the recov-
ery law for T; below ~ 50 K.

Having obtained from the fitting of the T; data the temperature
behavior of 7, = 74 (correlation time for the transverse fluctua-
tion) (Eq.s 3.27 and of 3.30) one can first derive an estimate of
the order of magnitude a.nd the temperature behavior of the dy-
namical contribution to T;' according to Eq. 3.7. By assuming
7, & 7+ and for (dw,)? a value corresponding to effective field indi-
cated by a fraction of the linewidth, sa ay dv ~ 1 KHz, one realizes
that the dynamical contnbutlon to T2 : according to Eq. 3.7, i.e.

T;! =~ (27 - 10%)2 7, eT ~3.95-107- 5-10710 ¢T, would become
of the order of 100 s~1 only around 2.5 K, than rapldly increas-
ing on cooling and flattening at T ~ 1.2 K. If the mean square

value of fluctuating field 1/(h2(¢)) should be assumed of the order
of the tra.nsverse one derived from T; data (15 Oe) again a value
of T5' ~ 200 s~! or more would be reached only below 3.5 K. The
conclusion is that the slowing down of the spin dyna.m1cs causmg
the maximum in T7! could be responsible of the slight increase in
T, ! detected below about 2 K (see Fig. 3.11). The tendency to a
stretched exponential for the decay function (Fig. 3.12) is a further
support to this conclusion. Thus the peak in T; ' observed around 7
K has to be attributed to a spln dynamlcs different from the trans-
verse one yielding the peak in T7' at about the same temperature.
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Extra peaks in the spin-echo dephasing rate have already been de-
tected in optimally doped YBCO, around 7" ~ 30 K (see Ref. [80]
and references therein), including for NQR ®*Cu T,, which would
ruled out the hypothesis of a contribution due to vortex dynamics.
In view of the complex phase diagram that has been argued to char-
acterize the low temperature phases of underdoped cuprates, with a
variety of low-energy excitations[111, 107, 106, 109, 110] one cannot

disregard the hypothesis of the ”extra peak” in T; ' indicative of a
novel type of dynamics driving the transverse fluctuations of the lo-
cal field at the Yttrium site. For our case, a ”conventional” source
of the peak in T;' can be envisage in the vortex dynamics. In
strongly underdoped YBCO124, the effective correlation time de-
scribing vortex motions has been proved[95] to diverge on cooling
below T¢, reaching the msec range at about 10 K, with an (extrap-
olated) irreversibility temperature around 0.2 -0.3 Tz. For an order
of magnitude estimate of the contribution to the echo decay from
the vortex lattice motion one can write

(T5 V)L ~ 72 < AH? > 7 (3.34)

The maximum in (T, ')y is expected at the temperature where
Trr, 1S of the order of the characteristic "measuring” time 7,, in

the Hahn echo. Then a very small amplitude vVAH? ~ 0.2 Oe of
the dynamical ripple of the local field distribution accounts for the
experimental results (T3 )max ~ 400 s7! at T ~ 7 K (Fig. 3.11).
One could also speculate that a temperature behavior of ®Cu T}
of the form similar to the one for ®*Y could induce a contribution
to T, strictly analogous to the one observed at about 50-60 K in
optimally doped YBCO[82|. It must be stressed that the measure-
ments of Cu T; are prevented in the low temperature range by
shortening of T, (wipe-out phenomenon, see Ref. [100]).

Finally we comment about the line-width data, reported in Fig. 3.6.
The broadening of the line initiates in a temperature range where
no effects of the vortices nor "static” contribution from the slowing-
down of the spin dynamics discussed above are active. As already
pointed out[101, 29] it is feasible that the broadening results from a
stripe-like modulation in a practically time-independent local field.
This site dependent field in the neighbourhood of ”stripes” pre-
vents the occurrence of common spin-temperature, thus justifying
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the non-exponential recovery law in the spin-lattice and spin-spin
relaxation measurements.
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Appendix A

Superconducting
Diamagnetic Fluctuations
in BCS superconductors:
the example of MgB».

In this appendix a study of the fluctuating diamagnetism in MgB,
by means of high resolution SQUID magnetization measurements
is reported in order to allow the comparison between the behavior
in BCS superconductors and in HT¢SC.

The fluctuating diamagnetism is strongly enhanced in high tem-
perature superconductors with respect to conventional SC’s because
of the high temperature range and of the anisotropy of cuprates[1].
The fluctuating diamagnetism (FD) can be detected also in in
low-temperature conventional BCS superconductors by means of
SQUID magnetization measurements. The broadening of the tran-
sition due to SF and the effect of the magnetic field in quenching the
fluctuating Cooper pairs has been studied by Tinkham|[2] through
measurements of My, at constant field as a function of temperature,
in metals. From the measurements of Mj; vs T of Gollub et al.[42]
one can actually deduce the occurrence of an upturn in the field de-
pendence: for H <« H,, the diamagnetic magnetization increases
with H while for H 2 H,, the field tends to suppress the fluctuat-
ing magnetization. Because of the relatively small value of My in
conventional BCS superconductors, the isothermal magnetization
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Figure A.1: Schematic MgBy crystal structure.

curves My, vs H could hardly be studied in detail in the past years.
The recently discovered superconductor MgB5;[112], although being
of conventional BCS character has two characteristics that enhance
SF’s and therefore the value of My, at T = T¢(0): the high value
of the transition temperature and an anisotropic spectrum of the
fluctuations[43], similarly to cuprate superconductors as we shall
see.

MgB, has a hexagonal crystal structure with boron layers inter-
leaved by magnesium layers (see Fig. A.1) and may be regarded
as layered having sheets of metallic boron with strong covalent in-
tralayer bonding, separated by Mg layers with ionic interlayer B-Mg
bonding. The strong B-B bonding induces strong electron-phonon
interaction, so that the superconductivity in MgBs is mainly due
to-charge carriers in the boron planes. The sample we have inves-
tigated was prepared by Palenzona et al. (University of Genova),
starting from high purity B and Mg powders, heated at 950 °C for
24 hs.

The zero field transition temperature of the sample is T = T(0) =
39.07 £ 0.04 K, as estimated by FC magnetization curves at H =1
Oe (see Fig. A.2).

The isothermal magnetization curves, —Mjy; vs H, in the tem-
perature range T¢(0) < T < Te(0) + 0.5 K, have been detected.
Zero field cooled (ZFC) magnetization curves have been compared
to field cooled (FC) data, obtained by cooling to a given tem-
perature in the presence of different fields. The isochamp mag-
netization curves, —My vs T, in low field have been performed.
A temperature-independent paramagnetic magnetization was de-
tected in the range 100-40 K, yielding a volume Pauli susceptibility
around 2x10~7. The diamagnetic magnetization around Ty was

90




7.0110-3'r T v MDA AOa: BRI R Y T
. o ]

RN .
........

EH T (0) = (39.1 £0.03) K

-

. B O

......

" b

......

., A=
8 0

0.996 0.998 1.000 1.002 1.004
t="T/T,

Figure A.2: —x = —Myp/H vs t = T/T¢ from FC magnetization at H
=10e. For T <Tg,x x (1—1¢), for T > Tg, x —(t—l-—l) The dashed

area is approximately the region where the rounding of the transition
occurs, because of the superconducting fluctuations.

obtained from the raw data by subtracting the paramagnetic mag-
netization, as well as the temperature-independent correction due

to the sample holder.

Zero dimensional model and analysis of the isothermal magne-
tization curves

In Fig. A.3 the isothermal magnetization curves are shown. The
departure from the results obtained in framework of GL model|2]
(see Sect. 2.1.2), Mﬂ(T = Tc) x HY2? and Mﬂ(T > Tc) x H,
valid in the limit of evanescent field, is evident. The upturn field
H,,(T), as well as the maximum negative value reached by My; at
H,,, are functions of temperature. A simple qualitative justifica-
tion of these experimental findings can be obtained assuming that
the fluctuation-induced SC droplets are spherical, with a diameter
of the order of the coherence length £(7°). It is noted that those
droplets are the ones actually yielding the most effective diamag-
netic screening|42].

The fluctuating diamagnetism (FD) due to metastable SC droplets -
of diameter 2R can be described on the basis of the London equa-
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tion:

- ]_ —
Vih=33h, (A.1)
with
2 _ mc? A9
A Amre?n,’ (A-2)
ns = |Y|° (pair density). h represents the microscopic value of

the magnetic flux density!. Applying the Eq. A.l in a case of a
spherical droplet one obtains

1 R?
ext 4071_ A2 )

where X\ can be derived by GL energy functional in Gaussian ap-
proximation neglecting the field. The cost in energy to produce
one SC droplet is E = o|y|?37R3, with a = -—— o . Being

2m&2(T)
E ~ kgT it results

M~ — (A.3)

2 A4

from Eq.A.2 .

| Im224x
I 2 (A.5)
AmekgTE?(T)
From A.3:
M 1 [R]°

XTH_. T 10n [A] - (A-6)

1 3R2%*kpTEXT) = 1 2 ksT E(T)
40 2mPctR® = 10 ®: R

Thus smaller droplets imply large susceptibility. On the other hand

droplets with R < £(T') involve marked order parameter gradients

Tt must be noted that the usual definition of the London penetration depth:

2

A2 = ZreTno 18 identical to equation 2.4 considering n, = lv|? = (——%) The London

model is a phenomenological two fluid model in which the Maxwell equations are
applied together with the definition of superconductor as a perfect conductor and
the request of time-independent magnetic fields to describe the Meissner effect (see
Eq. A.l1 and see Ref. [2]). It is worth noting that the London theory does not
take into account non local electrodynamic effects, consequently it can describe only
superconductor with short coherence length (i.e. HT¢SC).
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and cause the free energy increase because of the kinetic terms
in Fgr[y] functional. Thus it can be concluded that the FD is,
principally, due to droplets with R ~ £(T).

It is possible to calculate in an exact way the free energy functional
Fre[] for all values of temperature 1" (including the critical region)
and field H, (H < Hgs), in the assumption that to these droplets
can be applied the 0-D approximation, valid rigorously only for
diameter d << £(T').2 In this case the order parameter ¥ does not

depend on the space variables so ¥y = YVV (V=volume droplets),
therefore the Vi) goes to zero. The whole effect of the magnetic

field, choosing the gauge V - A = 0, is to decrease the critical

temperature([1, 4]:

Am2E3
o3

T (H) = To(0) (1 - < A? >) . (A7)

where < A% > is the average of A% over the sample volume.
In this case the free energy in the framework of GL can be written

FI(O)] = il + 2 o’ (A3)
The partition function
2y = / D[ple~ *5T  (A.9)

in polar coordinates, is

_ (alvol2+ 47 1vol?)
2y = W/dl’l,bolze kBT =

— \/ ”3V;BT [e* (1 — erf(z))]

21t is worth noting that the zero dimensional case cannot be applied directly to the
usual experimental situation, in which 1 is not constant over the sample volume and
one or more sample dimensions are greater than £. However a macroscopic sample
can be treated as composed of tiny, independent particles, whose size is limited by a
correlation length of fluctuating, ~ £. In Ref. [113] the behavior of My; at constant
field as a function of a temperature has been studied in aluminum particles of size
less than 1000 A(zero dimensional limit).

v_- (A.10)

2BkpT

r=Q
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Above the critical region the asymptotic expression for the erf(x)?
can be used and one finds

Fo=—kgTh

Eq. A.7T.

< A* >= —H*d* (A.13)

and the expression for 0D fluctuating magnetization, valid for all
fields H < Hge, becomes

| 8F0(€, H)
M{P(e, H) = SH
2¢2
ke T2
0

1!'2 &2

(e + ?{;élﬂzd?).

——
——

(A.14)

This Eq. can be extended by setting d equal to £(T'), in the consid-
eration that the droplets of diameter d = £(T") are those yielding
the most effective diamagnetic screening as we have proved above.

Then Then 2n2ed
n
5<I>0§s
'2E4112
(E + wstli)%s )

From this equation the value of field at which the magnetization
has a minimum and the magnetization at that field turns out

\/5-(1306

&3

M3’ = —kgT H. (A.15)

Hup — (Alﬁ)

3The error function .
erf(z) = 2% f e_yzdy (A.11)
0
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10 100 1000
H (Oe)

Figure A.3: ZFC isothermal magnetization curves in M gB; at different
temperatures. While in the limit H — 0 one has —M (T ~ T¢) o« H/2
and My(T >> T¢) «x H, for field H 2 100 Oe the departure from
the behavior expected in the framework of GL theories in finite field is
dramatic. The dashed lines are guide for eye that qualitatively follow
Eq. A.15-A.17.

35



= , 1
M,, v ‘1’08 (A.17)

In Fig. A.3 the ZFC magnetization curves of MgB, are reported
It must be noted that no difference is found between FC and ZFC
magnetization curves.

It is worth noting that for £(0) ~ 5 + 10 A and ¢ in the range
10~ — 1072 | H,, is expected to be in the range of 10 Tesla. Thus
the magnetization curves observed in YBCO samples (see Fig.s 2.6,
2.7) cannot be ascribed to the breakdown of the GL approach of the
type commonly observed in BCS superconductors. Furthermore in
those cases the value of H,, does not depend on temperature and
ZFC-FC magnetizations are different.

Analysis of rescaled magnetization curves. Anisotropic spec-
trum of the superconducting fluctuations.

In Fig. A4 the value of the scaled magnetization
m = —Mg(T)/HY?T is reported as a function of the magnetic field.
For T ~ Te, m, = m(T' = T¢) decays with the field and reaches
half of the value m(H — 0) at about H, = 100 Oe. For tempera-
ture far from 7-(0) and small field, the magnetization tends to the

linear increase with H and then m o« HY/2, while for larger H the
departure from the behavior expected in the framework of Gaus-
sian GL theories in finite fields is dramatic. In Fig. A.5 the scaled
volume magnetization m = — M/ HY?T; versus the reduced tem-
perature ¢ = (T — T¢(0))/T¢(0) is reported, for MgBs, and, for
comparison, for optimally doped oriented powder of YBCO. The
transition to the superconducting phase is very sharp (total tran-
sition width less than 0.2 K). Outside from the critical region be-
low T, as expected|2, 42|, m linearly decreases on increasing tem-
perature, corresponding to a diamagnetic susceptibility going as
(1 —T/Tc(H)). In the vicinity of Tc(H) (T 2 Tc(H)) the round-
ing of the transition due to critical fluctuations(42] originates an
almost exponential temperature dependence for m.

In according to scaling arguments|43] (see Sect. 2.1.4), the Eq.
2.32 for 3D anisotropic system can be rewritten

Mg(T
me = a(Tc) _ B X m*(o00) = K X (—0.324) x v (A.18)

—_ \/F . TC @g/g @3/2
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H (Oe)

Figure A.4: Field dependence of the scaled magnetization at typical
temperatures. For T ~ T¢ (squares) the law M(T¢) oc HY/? is verified,
for H < 50 Gauss and for T' 2 T +0.2K (triangles and circles) one has
—Mjy; < H, again only for H < 50 Gauss.

where v = £,/£, while the field should be along the c-axis[42,
114].

From the data for m reported in Fig. A.5 one sees that the re-
sults obtained in MgB, are consistent with a spectrum of SF' with
a strong enhancement factor. For a quantitative estimate, one can
compare the value of m with the one in grain-oriented YBCO placed
in magnetic field along the c-axis. It turns out that the absolute
value of the scaled magnetization is slightly field dependent also
in YBCO, where the crossing of m(T) for different fields at T-(0)
seems to be well verified{47] for H 2 100 Oe (see Fig. 2.4). While
our data coincide with the one in Ref. [47] for H=1000 Oe, a sig-
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Figure A.5: Scaled magnetization m = —Mjy/H'/?T¢ in MgB, around
the superconducting transition temperature in a field of 1 Oe (empty
squares), reported as a function of the reduced temperature ¢ = (T —
Tc(0))/Tc(0). For comparison (see text) the data in oriented powder
of optimally doped YBCO for field along the c-axis are reported, for
H = 3 Oe (full circles) and for H = 1000 Oe (empty triangles), with the
dashed line for the eye. The value of the scaled magnetization expected
at Tc(0) for isotropic 3D systems and Gaussian fluctuations, 4.7x1077,
is indicated.
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nificative increase of m appear when the field is reduced to 3 Oe.
By using our data in small field and comparing the results for m at
Tc(0) in powdered MgB; and in YBCO, where v ~ 7, in the light
of Eq. A.18 one deduces an anisotropic factor of the same order
in both cases. It should be remarked that the anisotropy degree
of MgB, is still uncertain, with reports giving values unexpectedly
large particularly for powders, ranging from 5 to 9[112]. Recent
measurements of fluctuation conductivity show a two-dimensional
nucleation in MgB,[115],in accordance with the anisotropic spec-
trum of fluctuations.
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Appendix B

The theoretical picture for
the precursor fluctuating
diamagnetism in
underdoped and overdoped
compounds.

In the following the theoretical description|72, 73| for phase fluctu-
ations of the local order parameter in a layered liquid of vortices,
by taking into account the presence of mesoscopic superconducting
“islands” is given. The SC islands can be above or below the local
irreversibility temperature and the relevant differences occur, as it

will be shown.

The order parameter contribution to the free energy functional
1S

1
Frp 0] = 2a2s
!

[d2r {a2.]., (V..G — %A..)z + J1[1 — cos(Byy1 — 9;)]} (B.1)
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T hznh

dm,
coupling constants on the plane and between planes respectively
and s is the distance between layers.
The presence of superconducting droplets above the local transi-
tion temperature is assumed, and the phase of the order parameter
can fluctuate, producing thermal excitations (vortex and antivortex
pairs in 2D, vortex loops in anisotropic model). The potential vec-
tor A, in Eq. B.1 describes both the magnetic field applied parallel
to the ¢ - axis and the one induced by fluctuations. By following
the 2D Coulomb gas theory, at each vortex is associated an effective
charge g, = v2nJ, and a vortex-antivortex pair has an energy

where J, = and J, = 2nJn; are the order parameter phase

Ey = ( L ) playing the role of an activation energy and thus

Eab
yielding Eq. 2.35. In order to refer to the anisotropic 3D model

the vortex lines (or the vertical elements of the vortex loops) are
correlated along the c - axis for a length ns - s and a correction to
g» Will be found selfconsistently.

By considering, as usual, the partition function

Z = [ D exp(—BFLp [0]) with 8 = the susceptibility is

ksT’

My 8%Fp 1182 (1082
X="9H ~ 6H? B|ZoH? \ZOoH

(B.2)

Since

zog =~ ") em ¢ =P\ om (B-3)

and

1 1322__ 32.7:[,1)
BZOH? | OH?

_..’3/ (6‘7:“’(‘9)) e—BFLD g9 —

=(Ze)-o((52)) @
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X is obtained as the sum of three contributions

0*Fip\’ OF 0Fp\\>
- (F2Y -0 () s (F2)) s
where () means the thermal average.
Choosing the gauge A, = 0, z being the c-axis d1rection, /f,,(f') =

(—yH,0) in the Fourier space: —5% = ; 8‘1 and 6%2 = ?1%?9% and
the homogeneous susceptibility is given by
x =lim Klg) (B.6)

q—0 q2

wherel

ko=2(2) [Zrw-en-1] @

In fact <gz£> R/ (%)2 (B.8)
(5) =2 @) 0w
(F2))=5(@)r0 oo

In Eq. B.7 P(q) involves the current-current correlation function

P(q) = Nng / d? f &2 eliT )] (B.11)

LU

((Teb10) ~ e @)) (Va6 ~ 3o (7)) )

'In Eq.8, 9b, 10b of the paper in Ref. [72] there are typing errors. The corre-
sponding corrected Equations are B.7, B.12, B.17
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with N representing the number of layers and L? = 7R3, Ry
being the average radius of the superconducting islands, with coor-
dinate 7= (g, ns).

The xz-component of the phase gradient is given by the same
expression used in magnetostatics in order to calculate the magnetic
field of a system of current loops and lines:

Yy — Ry (ml&ll)
|7 — R(ma, )2 + s2(1 — )2

Vibi(p) = s Z

mi,l1

3/2t (ml, ll) )

(B.12)

where t (my,l;) = £1 and R(mq, ;) labels the position of each
”pancake” m; on the layer [;.

Three terms are obtained by the evaluation of Eq. B.11: Pyy(q)
, Paa(q) and Pya(q) (the two terms due to the correlation between
V.0 and A, ; give the same contribution being Ppa(q) = Pag(q) =
Pya(—q)). The first one involves the positional correlation func-
tion of the vortex line elements. In order to calculate it, Sewer
and Beck|[60] introduced the static structure factor of a disordered
vortex liquid. Because of the weak interlayer coupling harmonic
deviations of the vortex lines (or loops) along the z direction are
taken into account. This model can be used to describe also the
vortex system in the glassy phase, below the irreversibility line tem-
perature and therefore the same expression for Pgy(q) is used here.
It must be noted that in the theory in Ref. [60] x depends only on
the regular part of structural factor. The cross correlation between
V¥ and A, are supposed to vanish due to the disordered struc-
ture of the vortex system above the melting temperature. But if
there are SC droplets this disordered structure is not random and
the cross correlation between phase and field is not zero. One has

472
Py = —-5(q) =
q
ar |, (L*H\? .
z N 3 +NL*n,S.(¢)[1+ 2 - X(q)] (B.13)
—— .
S(g=0)
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where S(q) is the structural factor defined by

S(q) = Z t(s,n)t(s’,n’) <e{‘@[ﬁ(3’“)—ﬁ(8'aﬂ’)]}> (B.14)

i !
s,n,8' . n

n, is the areal density of vertical vortex-line elements, and S.(q) is
the 2 D Coulomb gas structural factor. Then

) 2
Pﬂez%{N2(LH) n

@y
_ -
2 | SRR
2 q — 8 i
+N L*n, — o 1+2— T (B.15)

/B | e ETJ,,"' 1
| A Ny e’
Sc(q) i X(q) )

The first step to evaluate the regular part of S(g) is to consider the
extreme limit of totally decoupled layers, treating the vortex struc-
ture as a neutral two-component Coulomb gas (given by an equal
number of thermal vortices and antivortices) plus a one component
gas (the field induced vortices) in a neutralizing background (given
by the external flux). The second step is to assume that a single
vortex line in position s’ in layer n is correlated with a vortex line
in s’ with n’ # n. Furthermore the correlation is the same for all
vortex line s’ and extends only over a distance {3 = n3s (weak cou-

pling). Finally the vortex lines behave like harmonic strings with

an effective stiffness given approximately by ~ Z& = v

8 8y

The evaluation of the term P44(q) is straightforward:

T2 ( HIL?
36" P

The further contribution Fy4(q), appearing due to the cross
correlation between V.0 and A, . (and disregarded in Ref. [60]),

cannot be neglected below the vortex lattice melting temperature,
where irreversibility effects occur. In this case one obtains

Pya(q) = )L?¢’ (B.16)
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Pya(q) + Poa(—q) =

sH (2m)? [ Lqcos %Q — 2sin %‘1
L P q°

Z el~asl=tD) . < Z t (ma, ) cos [igly R, (m,, ll)]> .

Ll mi1,l1

The thermal average is performed in the assumption that the
vortices are unjformly distributed in the planes (the detail of cal-
culus is in note?):

<Emzt(m l) cosiglR, (m, l)> Y. t(m) < cosqR(m) >= .fif.ﬁ _

q° ;‘:f + 0(q®). The expansion of Py4(q) in powers of qL gives

o2 (HI?\?® 212 . [HIL?
Poalq) = — 3 (‘I)o ) } 15 7r2( o, )q2 (B.17)

The functlon Q(q) in Eq. B.7, related to the third term of Eq.
B.5, again neglected in Ref. [60], can be calculated, yielding

' HI?\?[ 1 1 1
Q(Q) — (27!‘)2 ( d, ) [qQLz + 144 x 4 2L2 12] (B']-S)

2To derive Egs. B.17 and B.18 the following thermal average must be calculated:
<§:m,, t (m,l) cosiglR, (m, l)> =Y. ({t(m)) — 3¢* Y., < R*(m) > +o(g’). Indicat-
ing with Ny (N_-) the number of vortex line elements parallel (antiparallel) to the
field the first term gives Ny — N_ = I’;Lz The sum in the second term can be split

in two parts which sepa.rately count the vortex line elements para.llel and antiparallel

to the field: 3, t(m) < Ri(m)>=Y, . < R,,(m) >~Y < R(m) >. One can
assume that the vortices are uniformly distributed in the pla.nes and that the y com-
ponents of their positions are distributed on a line, separated each other by a distance

AL = Then, the i—th vortex is in the mean position < R; >= ALi = 1%'-%1” with
N

: N N —t 2 .

i= _.._2+_ R Emi < R(m1)? >= Eiz_..N 1_{;1_,,2 = uNi (N: +2)(N+ +1).

By considering N+ >> 1 one finally finds }°_ t(m) < Ri(m) >~ %4 (N+ N_)
Then the first equation in this note can be written ) t(m) < cosqR(m) >=

HL? 2 LH 3
B 91 218, T00)
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It should be noted that the first term in (), diverging for ¢ — 0,
exactly cancels out the ¢~2 term in the expansion of Pys(q) which

appears from the structure factor.
By using Eqgs. B.16, B.17, B.18 and Eq. B.5 from B.7 one finally

obtains

K(g) = 2 (2”)2 2001 4 on) (H)25_1 +

S (I)() qg H*
- a2 T 7
keT 1 H\? 1 2~2(1
B 1+( *)6 ———+37(+T2"3) +

4rnR2J, 27\’ ( H\? .| .
750 s (@0) (H) 5}‘1 (B-19)

In? J, )}

. — * __9__ . . M il ”
with ¢ 1 kT and H B2 is an effective ”critical” field
depending on the island size (for T > T;.. the numerical factor is

72/3, v is the anisotropic factor defined by v = 'Jil'

To avoid unphysical divergences in the calculation of the sus-
ceptibility from Eq. B.6, the first term in square brackets of Eq.
B.19 has to be zero, giving a renormalization of ¢, due to both the
anisotropy of the system and the presence of applied magnetic field.

Then

q5(1 + 2ng)
1+ (£)"3]

In view of the field-dependent vortex charge, the pair energy (in
the limit H < H* ) becomes

q,(H) = [ (B.20)

Eq |
1+ (#)"9

Thus the thermally-excited vortex pair density turns out slightly
field dependent. This field dependence, formally derived here, is
significantly different from the one assumed in Ref. [60].

E= (B.21)
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Finally the diamagnetic susceptibility is obtained in the form

keT 1 H\? 1 242(1 +
X = .sjf?}[>2(l—l~2n)1}(H"‘)(S F+87(HT;3) t
0 3/ | | v [1+(?;) (5]
4TwR2 J, (2n\* [ H\?
TS50 s (@0) (H) d (B.22)

The main differences between this susceptibility in Eq.B.22 and
the one given in Ref. [60] consists in the presence of the factor

H }
(—) and of the third, positive term. This term can cause an

H %

inversion in the sign of the susceptibility corresponding to an upturn
in the magnetization curves. This phenomenon depends on the
dimension of the islands and x = 0 (i.e. the occurrence of the
upturn) requires Bgy > Ry where Ry depends on some characteristics
of the material. It must be reminded that the inversion in the sign
of the susceptibility is related to the third term in Eq. B.22 and
thus to the term Py4(q), since the amount of impurities and/or
imperfections acting as nucleation centers might also play a role.
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Appendix C

Effect of the magnetic field
on the superconducting
fluctuations as reflected in

the NMR relaxation rate.

In the Chapter 2 the fluctuating diamagnetism when the transition
temperature T is approached from above (Tg) has been studied
by means of the analysis of the diamagnetic susceptibility x4i, as a
function of temperature and field. The role of the superconducting
fluctuation (SF) on the spin susceptibility X spin, pertaining to itin-
erant carriers in AF correlation, in principle can be studied through
nuclear spin-lattice relaxation and from Knight shift (Kg) measure-
ments.

In this appendix an overview of the studies about the field depen-
dence of SF, as observed in the dynamical spin susceptibility x(q,w)
in the high temperature superconductors of the YBCO family, is
given.

In particular the effect of the magnetic field on the density states
(DOS) contribution to the relaxation rate W is analyzed in some
more detail. In the first part of this Appendix some expressions
already used in Chapter 3 are rewritten, taking into consideration
also 3%5Cu nucleus. Then the effects of SF on the NMR quantities
are described through an heuristic interpretation of the theoretical
results obtained with the diagrammatic techniques. The exper-
imental results recently obtained in optimally doped YBCO are
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reviewed and discussed.

General expressions for the relaxation rate and shift in HT'cSC

The electronic properties of metals and superconductors can be
explored through the hamiltonian

Hpyyp = Pyn Z I,A;S; (C.1)
J

coupling a given nucleus n to the on-site and to the neighboring
electronic spin S;. A inclu@es a scalar isotropic term A;,, and
an anisotropic dipolar term Ag,. In HT¢SC the longitudinal and

transverse components of A, for nuclei such as Cu, O, Y, La etc. are
presently rather well known (see Refs. [5, 116]). In the presence of
a magnetic field Hy, or of spontaneous ordering, one has (S) ; , # 0
and therefore a further magnetic field at the nucleus arises, imply-
ing the Knight shift, Kg, of the NMR (or NQR) frequency. The
Knight shift, originally introduced as due to the spin contributions
from delocalized electrons in metals, in HToSC is often general-
ized to include all the contributions from (S)p - By neglecting
the temperature independent chemical shift and the effect of the
demagnetization field, one can write

(Ks)oa = ——= 3" (A1) Xopi (C2)

9B ao

with Xspin = X229, Xmote molar susceptibility in cm®/mole, and n

number of magnetic units (e.g. CuO; in HT¢SC) in the unit cell,
N4 Avogadro number. In terms of dynamical generalized suscepti-

bility x(k,w) in Eq. C.2 one has

Xspin = 925X (k = 0,w = 0) (C.3)

where the static homogeneous susceptibility includes S(S+1)/3. In
the framework of models where delocalized carriers are considered,
interaction among carriers is taken into account within the usual
RPA (Random Phase Approximation). Then

1 p(EF)

X (k=0,w=0)==

41— 2Zp(Er)] (C.4)

110



where p(EF) is the density of states at Fermi level (per unit cell)
and 7 = Z - is the coupling constant between electrons.

The time-dependent part of the hyperfine Hamiltonian C.1 drives
the nuclear spin-lattice relaxation t__l’:nrough the fluctuations of the
local "field” at nucleus related to S;(¢). A general expression for
the relaxation rate is

W = ShET7 - [Are(F) Aua(—F) + Ay (F) Ay ()]

-—

k

RAGE) (C.5)

Wo

where wy can be the electronic or the nuclear frequency, z is the
quantization axis (Hy for NMR, V,, for NQR) and

-

Agp(E) = (As)gpe™*" (C.6)

is the Fourier transform of the transverse components of A. In the
limit wy — 0 one has

X'(k,w)  xX"(k,0)  |Sil* 1
W ~ Fl"c' - kBT FE

(C.7)

when I': is the decay rate of the collective spin fluctuations.

Physical picture of the NMR effects due to SF.

From the definition of SC current density J = Zelzblz;%ﬁﬁ, the
paraconductivity can be derived in the form[4]

(e")?

2m

Y <l > i (C.8)

k

O'ﬂ"—"—'

When compared to Drude conductivity op = (€?/ M)NeT, ONE Sees
that < |¢z|> > plays the role of the density of carriers with cor-
respondent life time 7;; instead of electron collision time, 7. One
could remark the s1m1la,r1ty of Eq. C.8 to the expression for NMR-
NQR relaxation rate in the vicinity of a phase transition, namely
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W o >z < |¥g|* > /T, where 93 is the collective component of
the critical variable a.nd I“~ is a decay rate. (It should be noted
that the above expression holds only in the limit wymyr < I'y and

different component of x”(k,w) are actually involved in oy and in
W).

In )principle there are three relaxation processes involving the fluc-
tuating pairs. One can discuss them within a Fermi liquid scenario,
without specifying the electron-electron interaction (the only re-
quirement is that the charge and spin excitations are of fermionic
character). This approach has been proved successful in describing
several quantities affected by SF[1]. The direct and most singular
contribution, with a direct correspondence to the idea of a fluctu-
ating pair, is the Aslamazov-Larkin (AL) one. It contributes to
oy but it is ineffective for the nuclear spin-lattice relaxation. In
fact, if a given electron of a fluctuating pair reverses its spin to
cause nuclear relaxation, then is no longer possible to assign a spin
label to the pair.

The Maki-Thompson (MT) contribution results from a purely
quantum process and it can be seen[117]| as implying the pairing of
electron with itself at a previous stage of motion, along intersecting
trajectories. It requires diffusive motion and in principle it might be
thought very sensitive to pair-breaking mechanism as, for instance,
a magnetic field. A negative SF term comes from the density of
states (DOS) reduction when electrons are subtracted to create
pairs. In the following a heuristic description of the way the above
mentioned SF terms affect NMR quantities is given. The formal
derivation of these effects by diagrammatic techniques is given in
Ref. [1] and in the references reported therein.

From Egs. C.2, C.3 and Eq. C.4 (with Z = 0 for simplicity) and
by taking into account that from 2D integration of Eq. 2.10 the
number of fluctuating pairs per unit volume is

ng = Z {[vz]?) = 2ne-——— m}- (C.9)

while x(0,0) = —G—'ﬁa The Knight shift in the presence of SF and
the limit of neghglble field can be then written

Tcln_l_J

o ln (C.10)

K3 « x°(0,0) [1 2
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Figure C.1: 17O NMR spectra in YBCO and deduced temperature be-
havior of the spin susceptibility for T' — T"' showing the reduction due
to DOS contribution from SF. (Ref. [1 18])

with e = (T'—T¢(0))/T¢(0). It is noted that the field H is necessary
to carry out the measure and in principle one should expect a field-
dependence of the correction term to the spin susceptibility x°(0, 0)
in the absence of SF in Eq. C.10. Only one experimental evidence
of the correction to Kg in the vicinity of T¢ seems to be found in the
literature[118] (Fig. C.1). From O NMR high resolution spectra
in YBayCuzO7, in fields ranging from 2.1 up to 24 Tesla, and from
the smooth crossover in Kg close to To(H), a field-dependent SF
contribution to the spin susceptibility has been claimed. In part

b) on the right side of the figure it is shown how the 2D regime of
~1

SF, implying (—1‘3’—’&) o (I' —Te(H)), is abandoned for 7' < 96
K. The theoretical interpretation of the data in Fig. C.1 has been
given by Bachman et al[118]. It can be observed that their data
can be qualitatively justified by Eq. C.10, when a field-effect in
suppressing the SF and/or a crossover of 2D fluctuations towards
a 3D regime is assumed to occur.
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In regards of the "dynamical” effects involving the life time , the
DOS contribution to the spin-lattice relaxation rate can be ob-
tained by 2D integrating Eq. 2.16, taking into account Eq. 2.15.
Then[117, 45]

DOS\ __ TGL }_ h _1_
(T79%) = ; 1+ £2k2 hp(EF)4 (EFT) In (C.11)

(7 electron collision time). In Eq. C.11 one notes the correction to
the Fermi-gas effective correlation time hip(FEFr).

The MT contribution corresponds to the integration of a decay rate
of diffusive character on approaching the critical temperature at a
phase transition:[117, 45|

MT\ 1 1
(m) = ; (Dk? +7; Ve (1 + k2§2) (€12)

2
where D = -£7 is the carrier diffusion constant, with 7 mean colli-

sion time and h/7, a depairing energy heuristically introduced (as
usual for diffusive-like excitations in 2D) to avoid the divergence of
the spectral density for w — 0. For s-wave orbital symmetry the
2D integration of Eq. C.12 yields[117, 45]

(TMTY = hp(E )47’; — j%) In £ (C.13)

where v, = §ﬂ91 is a pair breaking parameter. One should remark

that the exact estimate[l] implies 7/8 instead of 3 in Eq. C.13,
while also (Tpps) (Eq. C.11) has a little numerical difference. By

taking into account Eqgs. C.13 and C.11 and considering Eq.s C.5,
and C.7 one can write for the relaxation rate due to SF

wsF o f _mh 1 ln_g___OShln1
8EFTE*-")’ Yo Ept

(C.14)

WP the one in absence of SF. One can expect that close to T the
2D — 3D dimensionality crossover occurs. To extend Eq. C.14 to
a layered system one has to integrate over a corrugated cylinder
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Figure C.2: Sketchy behavior of the temperature dependence of W for
T — Tg :

and this corresponds to substitute[l] Ine™* by 2In2/y/e + e+ 71
and In(e/vs) by 2In{(ve + Ve +71)/(\/Fs + /76 +7)}, withr =

2
?-%2@ anisotropy parameter (d interlayer distance). The tempera-

ture dependence of W expected, in principle, in the vicinity of T4
is sketched in Fig. C.2.

Since the MT term could be qualitatively thought as being strongly
affected by a magnetic field, in order to avoid the compensation be-
tween MT and DOS terms in Eq. C.14, it was formerly suggested
[119] to compare W in zero field (NQR) with the NMR one. Al-
though this work|[119] deserves the credit to have opened the NQR-
NMR studies of SF, the basic idea turned out too naive. In fact
the MT term is strongly sensitive to impurities and furthermore the
effect of the magnetic field on both < 7y > and < 7ppog > was
later on[120] found much more complex.

NMR - NQR T, results in optimally doped YBCO: field de-
pendence of the DOS term.

Direct measurements[121, 122| of ®*Cu NMR-NQR relaxation in
quasi-optimally doped YBCO have subsequently indicated that lit-
tle, if any, field dependence of 3Cu W occurred for T' =~ T¢ + 2K,
up to fields of 14 Tesla. In underdoped YBCOg¢,x and in YBCO124
the NQR and NMR W'’s were found[53, 123] to differ only in the
range T¢(0) = To(H). The results for ®Cu relaxation rate in opti-
mally doped YBCO (T¢(0) = 92 K), for different magnetic fields,
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Figure C.3: 93Cu NMR relaxation rates in YBCO at different magnetic
fields, around the transition temperature (data from Ref.s [124, 121, 122,

53]).

are collected in Fig. C.3. From these data one concludes that below
about 100 K an upturn in the temperature dependence of (W/T)
occurs, indicative of a DOS contrlbutlon from SF with little, if any,
field dependence

The field dependence of the SF is a rather delicate issue. In par-

ticular, for the quantity W o ) (—J—“’l) ; involved in the re-

97

laxation rate, one has complicate interplays with the temperature,
the anisotropy parameter r, the phase breaking times 7 and 74 and
of the ratio 8 = H/H¢, (see Eq. C.14 for the case of zero field).
Furthermore, it is still under debate if the long-wave length approx-
imation in the order parameter fluctuations and the assumption of
w = 0 for W can be safely made.

An analytical treatment for the effect of the magnetlc fields on SF
and W for layered 3D superconductors has been carried out[120], in
the assumption of long wave-length fluctuations and for H << Hgs.
From this treatment various field and temperature crossovers are
expected for W>F with an interplay of the MT and DOS term de-
pending from the role of the impurities. However, for both DOS
and MT terms the field dependence is not marked, at least for
T~ Tc+ 1K. In Fig. C.4 illustrative temperature behaviors, for
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Figure C.4: Theoretical temperature dependence of the DOS contribu-
tion to the relaxation rate, normalized to the one in the absence of SF,
for different fields [Ref. [120]]. 8 = H/H2(0).).

various fields, of (WP93 /W;) are reported.

In Fig. C.5 the field dependence of (WP°% /W) at given temper-
atures (solid lines, valid for § = H/H¢gy < 0.2) is compared with
experimental findings.

These results show that in YBCO a DOS term due to SF is likely
to occur in the vicinity of To. However, its field dependence is
not strong, at least for values of the magnetic field small compared
to Hco, namely in the region where the assumptions required for
the analytical treatment should hold. It is still possible that in
strong magnetic fields dynamical and/or short wave-length fluctu-
ations play a non negligible role. On the other hand, strong fields
should extend the temperature range where the fluctuations have
3D character.

More recent measurements [125] indicate no field dependence of
63Cu W, while a field dependent DOS contribution is observed for
170 NMR W (see Fig. C.6). This result shows that near T¢ the
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Figure C.5: Theoretical field dependence of the DOS contribution to
the relaxation rate and comparison with some experimental results (data
taken from Ref.s [121, 122, 123, 53]), for T =~ T +2K. B = H/Hp2(0).).

electronic spin susceptibility responds to a magnetic field differently
in different parts of the Brillouin zone. (It must be noted that in
Eq. C.5 for W there are different form factors for different nuclei).

Near k = (m, ) antiferromagnetic spin fluctuations dominate the
spin susceptibility, which is insensitive to SF. In the region away

from k = (m,n), the one detected by means 7O relaxation mea-
surements the susceptibility is affected by SF. Furthermore this
observation is a support to the two-bands scenario, with carriers
excitations (to which oxygen nucleus is more sensitive) little cou-
pled to Cu?* spin excitations.

Further work is still necessary, considering very pure samples, possi-
bly single crystals, to unravel the intriguing effects of the magnetic
field on the SF contribution to NMR relaxation rates around 7.
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I. INTRODUCTION

The study of atomic nuclei has been the goal of nuclear physics
since the formulation of quantum mechanics. Since early exper-
imental probes of the nucleus were limited to energies less than
the nucleon mass (M ~ 939 MeV), the nucleus has conventionally
been treated as a quantum mechanical, many-body problem of non
relativistic nucleons interacting through a two-body potential and
described by the Schrodinger equation. The two-body potential is
fitted to the measured properties of the deuteron and to low en-
ergy nucleon-nucleon (NN) scattering data; one then attempts to
predict the properties of the nuclei with A>3. This is a very dif-
ficult problem, because the NN potential is spin dependent, short-
ranged, and with a repulsive central core [1,2]. However, reliable
approaches, such as Faddeev equations, correlated hyperspherical
harmonics, variational Monte Carlo, and Green’s function Monte
Carlo methods, have been developed for solving the non relativistic
nuclear many-body problem for nuclei with A<10 [3].

A completely different procedure is necessary to study nuclei at
higher energies and with greater precision than ever before. For
example, electron-nucleus scattering at large momentum transfer
at TIJNAF and ultra relativistic heavy ion collision at RHIC in-
volve physics that cannot be described by the Schrodinger equa-
tion, such as relativistic motion of the nucleus, dynamical meson
exchange, baryon resonances, etc. We know that QCD is the funda-
mental theory of the strong interactions, and then it is the natural
instrument to describe this new physics. Unfortunately the QCD
coupling is strong at energy scales of existing nuclear data, and
QCD predictions are not available.

In contrast, since at present energies hadronic degrees of free-
dom are experimentally observed, we can develop a theory based on
these variables. The calculations can be fitted to the available nu-
clear and scattering data, and extrapolated to the new experimental
situations stated above. Our goal is then to formulate an effective
hadronic description of nuclei, that is consistent with quantum me-
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chanics, special relativity, causality, and symmetries of the strong
interaction. We start from an effective Lagrangian density and
build a relativistic quantum field theory. Unfortunately, because of
the strong coupling it cannot be treated using perturbation theory.
However, the mean field approach is a reasonable approximation,
at least to describe static properties of finite nuclei. Of course, the
effective Lagrangian is completely phenomenological but, unlike the
non relativistic NN potential, its parameters are directly adjusted
to nuclear matter and finite nuclei properties.

In this work the basic formalism of the relativistic mean field
theory (RMFT) is presented. Emphasis is put on the derivation
of the formulas for the description of ground state properties of
finite nuclei. The reader, who is interested in a detailed discussion
of these theoretical techniques, is referred to the excellent review
articles and books existing on this subject [4-8]. Several computer
codes are easily available in literature [9-12].

In Section II we introduce the simple RMF model containing nu-
cleons, Lorentz scalar and vector mesons ¢ and w, and the isovector
vector meson p. The mean field and the no sea approximation are
also described. In Section III we discuss applications of the RMFT
for the description of atomic nuclei. The Dirac and the Klein-
Gordon equations for the nucleon and the meson fields are derived.
In Section IV we present the solutions of the RMFT equations for
spherical nuclei with closed shell and for deformed nuclei. In par-
ticular, we concentrate on the description of binding energies and of
nuclear and charge radii. In Section V we present our conclusions.

II. THE RELATIVISTIC MEAN FIELD MODEL
A. The interacting fields
The relativistic mean field theory is a phenomenological descrip-

tion of nuclei. The nucleons are treated as point-like particles de-
scribed by Dirac spinors
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interacting through the exchange of point-like particles called
mesons. The number of these mesons, the values of their masses,
coupling constants, and quantum numbers are determined to re-
produce the experimental data.

The simplest meson is surely the pion, which carries the quan-
tum numbers J=0, T=1, and P=-1 for angular momentum,
isospin, and parity. However, because of its negative parity, the
corresponding meson field does not conserve parity on the Hartree
level. Of course, two and any even number of pions contribute
to positive parity fields. Even if it seems possible to form mean
fields starting from meson pairs, such an idea would considerably
complicate the theory. Therefore we introduce introduce a phe-
nomenolgical 0 meson with quantum number J=0, T=0, and P=1.
The corresponding field is the scalar field o(x) which produces an
attractive force between the nucleons.

The exchange of vector mesons determines the repulsive part of
the interaction. The most important vector meson is the w meson
with quantum numbers J=1, T=0, and P=-1, which originates
the vector field w#(z). The Coulomb repulsion is described by the
time-like component of the vector potential A*(x) due to photon
exchange between the nucleons. In addition, the nuclear force de-
pends on the isospin caused by the exchange of p mesons with
quantum numbers J=1, T=1, and P=—1. They are described by
an isovector vector field g #(z).

In order to simplify the equations many authors use only the
o(x),wH(x), A*(z), and g #(x) fields, and neglect all other possible
meson fields. They are, however, less important to describe ground
state properties and their effect can be taken into account by a
suitable choice of the parameters for the other mesons.
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B. The mean field approximation

We introduce the mean field approximation for the simple model
of nucleons interacting through a scalar field. It is described by the

Lagrangian density

L= EN + £meson + ‘Cint
= T(in0" ~ M) + (0,0 30 — mio?) — g, To¥ ,  (2)

where ¥ and ¢ are the nucleon and scalar meson field operators,
while 0* = 0/0z, is the four dimensional generalization of the
gradient operator.

In the mean field approximation we remove all the quantum
fluctuations of the meson fields and use their expectation values,
which are classical fields

G — (o) g . (3)
The nucleons move as independent particles in the meson fields.
This means that the nucleon field operator can be expanded in
terms of single particle states and the densities become sums over
the single particle wave functions. It is clear that we should in
principle take into account the negative energy solution for a fully
relativistic description; that means that we should evaluate the
vacuum polarization effects to all orders. However, since nucleons
and mesons are composite particles and not constituent of a basic
field theory, we can reasonably neglect those effects, and restrict
the sum to the occupied particle states ¢ = 1...A. This is called the
no sea approximation where we have for the scalar density ps

ps = W, . (4)
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III. THE RELATIVISTIC MEAN FIELD EQUATIONS

We now extend the RMFT to study atomic nuclei. The starting
point is the Lagrangian density [15]

_ 1
L= \I!(iq/ua“ — M)\If + 2(8 g o — mzaz) U(o)
1 1 la ay 1 5. ., 1.
— ZQ‘WQH -+ Em?uwuw” — ZRNVRu + -z-mf,pup H— ZFNVFN
1
— 0,00V — g, Ty, whl — g, Ty, 754 — ¢ ";3 Ty, APT | (5)

where M, m,,m,, and m, are the nucleon and meson masses,
9o, Yuws 9p, and €?/(4mw) = 1/137.036 are the corresponding coupling
constants for the mesons and the photon. U(c) is a non linear
self-interaction of the 0 meson, i.e.,

1 1
U(o) = 392 o” + 193 ot . (6)

The field tensors of the mesons and of the photon are
LM = PR — Bt :

RW = 95" —p*,
= OHAY — VA" (

© 0

)

The mean field approximation is introduced at this point by treat-
ing the fields as classical fields. The equations of motion can be
derived from the Euler-Lagrange equations of motion [13], i.e.,

oL oL
% (aauq - 53) -0 10

These result in a set of coupled differential equations, namely the
Dirac equation with potential terms for the nucleons

1+T3
2

['yu (i@" + gow" + g,7p ¥ — A“) M + gaa] ; , (11)
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and the Klein-Gordon equations with source terms for the mesons

-D -+ mi- 0 = —GgPs — 9202 - 9303 y (128‘)
O+ md| wh= g, (12b)
[D + m?, pH= gpj o (12¢)

OA#=ej¥ . (12d)

The sources of the meson fields are defined the nucleon densities
and currents:

e the scalar density

A
ps = > UV, | (13)
=1
e the baryon current
A —
* =) A, (14)
1=1
e the isovector current
- A —_—
it =) nUyrry; (15)
1=1

e and the electromagnetic current

A
: -—1+T3
78 ZZ?’%‘I’i

1=1
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Since we want to describe nuclear stationary states all time deriva-
tives and all space vector components of densities and fields van-
ish. The single particle wave functions separate as W;(r,t) =
W,(r) exp{ie;t}. Furthermore, we assume that the nucleon single-
particle states do not mix isospin, so only the third component of
the isospin vectors is necessary. Finally, we obtain a simplified set
of equations (stationary RMF equations). The Dirac equation (11)
reduces to

[—ia-V+V+8(M+9)VY; =67, , (17)

where S and V are the scalar and vector potentials which are de-
fined by the meson fields

S = g,0, (18)

1;ﬁAW (19)

V = guw’ + g,m3p3 + €
The scalar potential contributes to the nucleon effective mass as

M=M+S. (20)

The Klein-Gordon equations (12) for the mesons reduce to

[ v ’m?, 0= —GyPs — §20° — g30° | (21a)
— V2 +m?| W= g.pp , (21b)
[——-V2 + mf,j 03°= g,ps , (21c)
~V2A’= ¢p, . (21d)
The nucleon densities are:
e the scalar density

A ——

Ps = Z n; W\ (22)
=1
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e the baryon density

A
PB = an\IfI\Ia ; (23)
1=1

e the isovector density

N

=1 1=1

7
P3 —
1=

e and the charge density

A

1 i

pe= 3l —w, . (25)
1=1

The occupation numbers n; are introduced to account for pairing,
which is important for open shell nuclei. If we neglect pairing they
take the value 1 for levels below the Fermi surface and 0 for lev-
els above. In the presence of pairing the occupation numbers are
obtained in the constant gap approximation [14] through the ex-
pression

| i

Ei—)\

1
Ve = A\ + A2,

1

n, =

, (26)

where ¢; is the single particle energy for the state 7. The chemical
potential A for protons (neutrons) is obtained requiring Y, n; =
Z(N). The sum is taken over proton (neutron) states. The gap
parameter A is taken from the odd-even mass difference

A = %{E(N+2)——E(N+1)—[E(N+1)—E(N)]} @)

The RMF equations for the fields ¥;, o, w?, p3, and A° can be solved
in a self consistent way. Starting from an initial guess for the po-
tentials S and V, we solve the Dirac equations (17) for the spinors
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V.. We then calculate the densities ps, pg, p3, and p. and solve the
Klein-Gordon equations (21) to get a new set of potential terms.
The procedure is repeated until convergence is achieved. Once the
solution has been found we can compute observables such as the
total energy of the system

1

A
1 1
E = Z; 5 5 [ dr (gapso + -3-9203 + -2-9304 + gupBW"

+gppapg+epcA°) . (28)

IV. THE SOLUTION OF THE RMF EQUATIONS

A. Spherical nuclei

If we restrict to spherical symmetric nuclei the meson fields
depend only on the radius r. The four component spinor solution
of the Dirac equation (17) is written

_ gnkt(r) (I)km &t
Ynke = (i frie(T) @_iem ft) ! (29)

where n is the radial quantum number and k£ determines both the
total and the angular momentum quantum numbers. ®;,, is a spin
1/2 spherical harmonic wave function

1

(ka — Z (5 [ mg My | j m) }/l;mtX%,ms y (30)

mp,ms

where

1
= k| — = 31

l=k (if k>0), or I=-k-1 (if k<0). (32
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§; is a two component isospinor (we take ¢ = 1/2 for protons and

t = —1/2 for neutrons). The normalization of the radial wave
functions g and f is given by
]dr 2 (lgf2 +f1?) =1. (33)

The Dirac equation (17) becomes a coupled first order equation for
the upper and lower components

ki + 1
(a,+ :f )gi+(M*~V+e,;)f,;:0, (34a)

(r k—l)fz (M*—i—V—ez-)gz-:O, (34b)

where 0, = 0/0r and M* and V were defined in Egs. (19) and (20).
Given the wave functions we can sum over all the occupied states
to obtain the spherical densities

A 2]2-1-1

— 2 2
=Y (lgal® = I£I?) . (35a)
A 25 +1
sph Ji 2
pp = an ym= (Igilz + | fil ) , (35b)
27; + 1
= anTBz ] (|Qi|2 +£?) (35¢)
q A 1+ 73 27;+1 9 9
=Y i = — (sl +1£) (35d)

z—-—

The Klein-Gordon equations for the meson fields are

’ 2 [(l+1 ' .

—-83 — ;8,. + ( 2 ) } mﬁ —gapsph — 920'2 — g303 y (36&)

! J

f 2 [(l+1 '

—92 — ;&, + ( . ) +m2 | W= g, " (36b)
2. 1(l+1 3 S

~0; — ~0r + ( > ) +m2| B=go" (36¢)
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TABLE I. Various sets of meson parameters NL1, NL2, NL3, and

NLSH for the Lagrangian density of Eq. (5). From Ref. [15]

NL1 NL2 NL3 NLSH
M MeV] 938 938 939 939
Mg MeV] 492.250 504.890 508.194 526.059
M MeV] 783.000 780.000 782.501 783.000
™m, [MeV] 763.000 763.000 763.000 763.000
o 10.138 9.111 10.217 10.4444
G 13.285 11.493 12.868 12.945
g, 4.976 5.507 4.474 4.383
g [fm 1] -12.172 -2.304 -10.431 -6.9099
g3 -36.265 -13.783 -28.885 -15.8337
-—82-—-2—8 -I—I(H—l) Al= eptPh 36d
T r r 72 = €pc - ( 6 )

In the RMF description of spherical nuclei, [ = 0 in the Klein-
Gordon equations. The above set of equations (34-36) is solved
self-consistently as we described in Section III. The solutions de-
pend on the parameters of the Lagrangian density (5). The meson
masses, the coupling constants, and the parameters of the non lin-
ear interaction U(o) are obtained by fitting of experimental data
of a few finite spherical nuclei and of nuclear matter. The nuclear
properties fitted are the ground state binding energy, the charge
radius, and (if available) the neutron radius. The nuclear mat-
ter properties considered are the empirical equilibrium density, the
binding energy per particle, the incompressibilty, the asymmetry
parameter, and the effective mass.

In Table I we list the values of several sets of parameters which
have been proposed. Once the parameters have been specified, we
can calculate the properties of many closed shell nuclei. In Table II
we show the results for the binding energy per nucleon, the charge
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radius, and the nuclear r.m.s. radius for *0O, 4°Ca, 8Ca, *°Zr, and
208Ph obtained using the sets NLSH and NL3.

In Figs. 1 through 6 we display the charge density, the scalar and
vector potentials, and the effective mass M* /M for %0, ¥°Ca, and
28Ph. In finite nuclei these fields assume a Woods-Saxon shape:
they are approximately constant in the nuclear interior, apart from
small mean field fluctuations, and vanish outside the nucleus. The
model distinguishes in the nucleus a large attractive scalar field
S and a large repulsive vector field V. In Fig. 7 we compare
the predicted single particle spectrum for ?“®Pb with experimental
data for low-lying states derived from neighboring nuclei. The RMF
calculations reveal a shell structure; the level ordering and the gap
between the last occupied and the first unoccupied level are well
reproduced. It is important to stress that, as no parameters are
fitted to the spectrum, we derive the level structure of the shell
mode] from bulk nuclear properties.

B. Deformed nuclei

We extend the above equations (34-36) to deal with axially sym-
metric nuclei [12]. Since the densities are still invariant with respect
to rotation around the symmetry axis, it is useful to work with the
cylindrical coordinates

r=r;cos¢, y=rysing, and z, (37)

where the 2 axis is taken as the symmetry axis. The Dirac spinor
can be written

Vi = (iﬁﬁ'f(’;’.’, 1ir)))

(s
g; (z,71)exp (8 +

Vor | ifif(z,m0) exp {(Qs — 1/2) ¢} Xul®) 3%

\if; (z,71) exp {(Q +1/2) ¢} /

—
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TABLE II. The binding energy per nucleon, charge radius, and nu-
clear r.m.s. radius for 190, 4°Ca, *8Ca, °Zr, and ?"®Pb, obtained with
the set NLSH and NL3, compared with the experimental data. From
Ref. [12].

Nucleus B/A [MeV] Teh [fm] Tnuc [fM]

160 NLSH -8.022 2.733 2.582
NL3 -8.051 2.761 2.612
expt -7.976 2.730

40Ca NLSH -8.500 3.470 3.344
NL3 -8.550 3.488 3.362
expt -8.552 3.450

8Ca NLSH -8.648 3.474 3.500
NL3 -8.649 3.483 3.516
expt -8.667 3.451

N7 NLSH -8.701 4.261 4.240
NL3 -8.704 4.270 4.252
expt -8.710 4.258

208pp NLSH -7.885 5.515 5.614
NL3 -7.887 5.524 5.633
expt -7.868 5.503

where (); is the eigenvalue of the projection of the single particle
angular momentum 7 over the z axis and ¢; is the third component
of the isospin. For each solution with positive €2; we have the time
reversed solution with the same energy

IIJ'II = {gz_l—:g;) i+afq:_aQi}
— U =TV ={-g7,0f, f7, - fF, -} . (39)

The wave functions g(z,7.) and f*(z,7.) are solutions of the
Dirac equations
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FIG. 1. Charge density distributions for 1°Q. The experimental curve
is from Ref. [16]. The Dirac-Hartree calculations for parameter set L2
give the dashed curve, while those from set NLC give the dot-dashed

curve. From Ref. [6].

(M*+V) g7 —0,f7 +|0r, —

(M*+ V) g;F 40, fi7 + (8,.L+

(M* = V) fF+0,g; (au + i 1/2

(M* =V) f.—0,9; + (8” +— 1/2) g = —&f7 . (40d)

Thanks to time reversal symmetry, the contributions to the densi-
ties of the two time reversed states 7 and 7 are identical. Therefore
the densities are
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FIG. 2. The same as in Fig. 1, but for 4°Ca.
pe=23"m; [(lo7 1P+ 197 1?) = (162 + 1£7P)] (41a)
=1
- _ 2\’
=2 n (|9j|2 +19; lz) + (Ifi+|2 +|/; |2) : (41b)
=1

and the same for p3 and p.. The sum runs only over the positive
(2; states. The Klein-Gordon equations in cylindrical coordinates
determine the fields

t—%a,.lr 10, — 0%+ m?,: 0= —g,ps — g20° — gs0° ,  (42a)
:—-;Iaur 10, — 02+ mf,: W’ = gups , (42b)
:—T—ll-aum_&._,_ — 82 + mﬁj P’ = g,p3 , (42¢)

--;Iaumau — | A =ep.. (42d)
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The calculations are usually performed expanding ¢& and f& in
terms of the eigenfunctions of a deformed axial symmetric oscillator
potential

. 1 1 '
Vose(2,71) = Engzz + -2-Mwi'r_2L . (43)
The eigenfunctions of the deformed harmonic oscillator can be writ-
ten explicitly as
1

Do(2,71,0,5,t) =By, (2)P0" (rL) T exp{im;o} X, () Xy, (t)

= ®,(7r, 5)X;, (1), (44)

where ®,_(z) and ®%(r, ) are expressed by the Hermite and asso-
ciated Laguerre polynomials. The solutions of the Dirac equation
in the axially symmetric case are expanded as
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FIG. 4. Scalar potential S = g,o for %0 (solid line), *°Ca (dashed
line), and “°®Pb (dot-dashed line) obtained with the set NLSH and the
code ADFG of Ref. [10].

dmax

(7, s, 1) Z g9, (r,8) X, (1), (45a)

filr, s, 1) Z fO5(r, $) Xy (t) . (45b)

The Dirac equation reduces to a symmetric matrix diagonalization,
while the Klein-Gordon equations for the meson fields become an
inhomogeneous set of linear equations. For the Coulomb field, due
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160 (solid line), **Ca (dashed line), and 2°*Pb (dot-dashed line) obtained
with the set NLSH and the code ADFG of Ref. [10].

to its long range character, the Green function method is used.
Details of the calculations can be found in Ref. [12].

In Fig. 8 we show the isotopic dependence of the deviation of the
theoretical mass calculated in RMF' theory from the experimental
values for Sn isotopes. The theoretical results were obtained using
the sets NL1, NLSH, and NL3. All parametrizations give a very
good description of the experimental masses.

In Table III we compare the results for some deformed rare earth
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FIG. 6. Effective mass M*/M for 20O (solid line), *°Ca (dashed line),
and “%8Pb (dot-dashed line) obtained with the set NLSH and the code

ADFG of Ref. [10].

and actinide nuclei obtained with parametrization NL3 with avail-
able experimental data. We find an excellent agreement between
RMF theory results and observed data. This is mainly due to the
non linear coupling between the o mesons in Eq. (6). Otherwise it
is impossible to reproduce the proper spin-orbit splitting, which is
necessary to describe nuclear deformation.

We recall that the quadrupole ), , and hexadecupole H,, , mo-
ments for neutrons and protons are related to the expectation values

150



0— “®pp protons %0%pp neutrons
i — 384 /2 —_ 3P1/2 i
ﬁ-i;-';:;— %gS/z _:f— ;§: 3P3/2_ 1i13/2
10— — 2ds /s " *toe 2
—~ ) h - 17,2 T 1hg, 4
%) \ L — égo/z _ 331/2
20 [— =" o2 1hyy s —__ 277" Rdy
i -7 115/ e 18772 )
> — o ey 1
Eﬂ _// 231/2 /// 89/2 2p
o 30 —" — 1dgs, =t 27T Bpysp VR
= s 1das/z L, U
Fﬂ = ,// // 1f7/2 7]
o) 40 | S %P1/2 ’ — 28, /2
E /;/ Psg/2 //__ 1dy/.
. y—
o - —'_,// / 131/2 __//:/ 1d5/2 -
E // ————// 1
. — ek — pl/B
M 50 o — i
! / -
4 S 184/2
60 — K
L _/I -
expt. L2 NLC expt. L2 NLC

FIG. 7. Predicted spectrum for occupied single particle levels in 2°*Pb
obtained with the set L2 and NLC. The experimental values for low-lying
states derived from neighboring nuclei are also shown. From Ref. [6].

of the spherical harmonics by

1 |5
<7'2Y20(?99 0)>n,p — '2' Z,; Qn,p ) (46)
1 9

(7"4Y40(79» O))H,p = g V Ar Hyp . (47)

The quadrupole deformation parameter 3 is obtained from the cal-
culated quadrupole moment through

Q=Qu+ Q= || 2 ARSS (48)

where Ry = 1.2A/3.
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100 110

V. CONCLUSIONS

In this work we have introduced an effective meson-baryon field
theory to describe finite nuclei. The model includes the spin proper-
ties in a natural way and distinguishes in the nucleus a large attrac-
tive scalar field S and a large repulsive vector field V. The number
of adjustable parameters used in RMFT is limited as compared to
non relativistic descriptions based on realistic NN potential. The
RMEFT equations have been solved in a mean field approximation
to yield static properties (binding energies, nuclear radii, densities,
spectra, etc.) for spherical nuclei with closed shell and for axial
symmetric deformed nuclei. The agreement with experimental data
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TABLE III. Total binding energies (BF), charge radii (ren),
quadrupole deformation parameters (8), proton quadrupole moments
(Qp), and proton hexadecupole (Hp) moments for some deformed rare
earth and actinide nuclei with the parametrization NL3. The values in

parentheses are the experimental data. From Ref. [15].

BE [MeV]| 7 [fm] B Qp [barn] H, [barn?]
1528m -1294.49 5.177 0.301 5.63 0.48
(-1294.05)  (5.099)  (0.306) (5.78) (0.46)
158Gd -1296.40 5.176 0.342 7.14 0.48
(-1295.90)  (5.172)  (0.348) (7.36) (0.39)
1627y -1342.09 5.227 0.347 7.54 0.45
(-1324.11)  (5.210)  (0.341) (7.36) (0.27)
166 Fy -1352.06 5.272 0.349 7.87 0.36
(-1351.57)  (5.303)  (0.342) (7.70) (0.27)
174yD -1406.15 5.336 0.328 7.77 0.04
(-1406.60)  (5.410)  (0.325) (7.58) (0.22)
232Th -1766.29 5.825 0.251 9.23 1.06
(-1766.69)  (5.790)  (0.261) (9.62) (1.22)
236y -1790.67 5.873 0.275 10.60 1.16
(-1790.42) (0.282) (10.80) (1.30)
23877 -1801.39 5.892 0.283 10.93 1.07
- (-1801.69)  (5.854)  (0.286) (11.12) (1.38)

is excellent and shows that RMFT can provide us a quantitative
description of ground state properties of nuclei.
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