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Abstract

This thesis consists of two parts. In the first one, we present a new method we have
developed to measure the superconducting stiffness tensor p,, critical current den-
sity J¢, and coherence length ¢ without subjecting the sample to magnetic field or
attaching leads. The method is based on the London equation J = —p A, where
J is the current density and A is the vector potential. Using rotor free A and
measuring J via the magnetic moment of superconducting rings, we extract p, at
T — T,. By increasing A until the London equation does not hold anymore we de-
termine J¢ and £. The technique, named Stiffnessometer, is sensitive to very small
stiffness, which translates to penetration depth on the order of a few millimeters.
Naturally, the method does not suffer from demagnetization factor complications,
the presence of vortices, or out-of-equilibrium conditions. Therefore, the absolute

values of the different parameters can be determined.

We apply this method to two different Lay_,Sr,CuO,4 (LSCO) rings: one with the
current running only in the CuO, planes, and another where the current must cross
between them. We find different transition temperatures for the two rings, namely,
there is a temperature range with two dimensional stiffness. The Stiffnessometer
results are accompanied by Low Energy pSR measurements on the same sample

to determine the stiffness anisotropy at 1" < T..

In the second part of the thesis, we investigated whether the spin or charge de-
grees of freedom were responsible for the nodal gap in underdoped cuprates by
performing inelastic neutron scattering and x-ray diffraction measurements on
LSCO x=0.0192. We found that fluctuating incommensurate spin-density-wave
(SDW) with a bottom part of an hourglass dispersion exists even in this magnetic
sample. The strongest component of these fluctuations diminishes at the same
temperature where the nodal gap opens. X-ray scattering data from the same
crystal show no signature of charge-density-wave (CDW). Therefore, we suggest
that the nodal gap in the electronic band of this cuprate opens due to fluctuating
SDW with no contribution from CDW.
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Chapter 1

Introduction

The existence of two dimensional (2D) superconductivity (SC) in the CuO, planes
of the cuprates has been demonstrated by either isolated CuO; sheets [1, 2], or
in bulk, in zero magnetic field [3] or by applying one perpendicular to these
planes [4, 5]. In the vicinity of charge stripes formation, the layers are so well
decoupled [6] that, in fact, two transition temperatures have been found by resis-
tivity [7] and magnetization in needle shaped samples [8], where the demagnetiza-
tion factor tends to zero, and the measured susceptibility equals the intrinsic one.
The magnetization measurements were done in both c-needles, where the CuO,
planes are perpendicular to the field direction, and a-needles where the planes are
parallel to the field. An updated phase diagram showing the magnetization crit-
ical temperature in c-needles T}, and a-needles T}, is presented in Fig. 1.1. The
resistivity critical temperature 77 of the same samples agrees with T7,. The inset
shows an example of such magnetization measurement for Lay_,Sr,CuO,4 (LSCO)

with z = 0.12.

However, zero resistivity and diamagnetism do not require bulk superconductiv-
ity and can occur due to superconducting islands or filaments. It is not clear

whether the observed in-plane superconductivity is a macroscopic phenomenon and

5
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if the sample supports global 2D stiffness as expected from Kosterlitz-Thouless-
Berezinski (KTB) theory [9-11]. If it does, there should be a temperature (and
doping) range where the intra-plane stiffness p2® = 1/)2, is finite, while the inter-
plane stiffness p¢ = 1/A\? is zero. Here A is the penetration depth. To test this,

one must be able to measure stiffness very close to the transition temperature.

40

LSCO x=0.12

g 20+ & 1.0b. ... .
- ' Y
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FiGure 1.1: LSCO phase diagram. Temperature versus Sr doping x for

a- and c-needles. Tjs is the transition temperature taken from magnetization

and T}, is the one taken from resistivity. The inset introduces an example of
magnetization measuremen, for two x = 0.12 needles at H = 1 Oe.

In light of this, we have developed a new method to measure particularly small SC
stiffness without applying external magnetic field. We implemented this technique,
called “Stiffnessometer”, to investigate 2D SC in LSCO x=0.125. Thus, the goal

of this work is twofold:
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1. To present the “Stiffnessometer”, the ideas behind it, its operating method

and implamanetation, including data analysis and applications.

2. To scrutinize the possibility of macroscopic 2D superconductivity in the bulk
using two different techniques: Low energy muon spin rotation (LE-uSR) and
Stiffnessometer. We focus on the “anomalous doping” z = 1/8 regime, where
the difference between the two transition temperatures is large, and minute
inhomogeneity of Strontium doping does not lead to significant deviations

in the transition temperatures.

Our major finding is that in LSCO x=1/8, there is a temperature interval of 0.7 K
where there is global 2D SC stiffnesss in the planes, while zero stiffness between
them. Namely, in this interval supercurrent can flow in the CuOs planes but not

between them.

In the rest of this chapter we elaborate on few experimental works showing 2D
SC in the cuprates, and give some background on the LSCO compound and ex-
perimental techniques. In chapter 2 we delve into the Stiffnessometer, presenting

its capabilities and demonstrate them. Then in chapter 3 we show our results on

LSCO x=1/8.

As a side project, we investigated whether the spin or charge degrees of freedom
were responsible for the nodal gap in underdoped cuprates by performing inelastic
neutron scattering and x-ray diffraction measurements on LSCO x=0.0192, which
is on the edge of the antiferromagnetic phase. We found that fluctuating incom-
mensurate spin-density-wave (SDW) with a bottom part of an hourglass dispersion
exists even in this magnetic sample. The strongest component of these fluctuations
diminishes at the same temperature where the nodal gap opens. X-ray scatter-
ing measurements on the same crystal show no signature of charge-density-wave

(CDW). Therefore, we suggest that the nodal gap in the electronic band of this
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cuprate opens due to fluctuating SDW with no contribution from CDW. This work

is presented in chapter 4.

1.1 Copper Oxides and the La;_,Sr,Cu0O,; Com-

pound

High-T.. Superconductivity (HTSC) in the copper oxides (cuprates) was discov-
ered in 1986 [12]. Bendorz and Miiller found that the LBCO system had a su-
perconducting transition temperature at 7, = 30K. Later that year, the LSCO
compound was discovered, exhibiting superconductivity up to 38 K. All the com-
pounds in the cuprates family have their crystalline structure consists of layers
of copper oxide planes, CuQOs, separated by ions of rare earth elements. The
spacing between Cu ions is about 3.78 A. In LSCO, the unit cell consists of two
CuOs planes, each plane is shifted by half a lattice constant with respect to the
other. Between every two CuO, planes there are two layers of La(Sr)-O. Figure 1.2
demonstrates the crystalline structure of LSCO, which is the simplest one in the

cuprates family.

The cuprates can be doped, either by holes or by electrons, and their charge carrier
concentration can be varied. LSCO is hole doped, and its doping mechanism is
as follows: The valance of La is 3+ and of O is 2-. Therefore, in the “parent
compound” (zero doping, x = 0) all the Cu ions are in a Cu®" state; they have
one unpaired electron in a d-shell. As z increases, the carrier concentration in the
CuOs planes is determined by “charge reservoirs” inserted between them. Since
the valance of Sr is only 2+, increasing the Sr content by z attracts negative
charge from the CuO, planes while leaving holes on the Cu sites. Therefore, the

hole concentration in LSCO is proportional to the Sr content in the unit cell.
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FIGURE 1.2: The crystalline structure of Laj_,Sr,CuQOy. (adapted from [13])

The cuprates phase diagram is extremely rich, and it is beyond the scope of this
thesis to cover all of its complexities. Nonetheless, we will briefly describe its main

features of the hole doped part (Fig. 1.4), focusing on LSCO and the relevant

phases for our work.

The parent compound is an antiferromagnet (AF) Mott insulator, resulting from
strong Coulomb repulsion. The Néel temperature, Ty, is about 300 K. Upon
doping, Ty decreases rapidly until it vanishes at x = 0.02. However, short range

spin order in the form of spin glass or spin density waves remains until x = 0.12

O O atom
e Cu atom

® hole

FIGURE 1.3: Schematic drawing of CuOs plane.
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inside the SC phase. With extra doping, at = = 0.05, superconductivity ap-
pears, and lasts until z = 0.27, where regular Fermi liquid appears. The highest
transition temperature, T, ~ 38K, is achieved at about x = 0.15, called accord-
ingly “optimal doping”. Above and below this doping the compound is referred
to as overdoped and underdoped, respectively. Since the T, versus x curve form
a dome-like region, the superconducting phase is often called “superconducting
dome”. Moreover, it is well established that the cuprates order parameter has
d-wave symmetry, i.e. it changes sign every 90°. The SC gap function can thus be
written as A(k) = (Ag/2)(cos(kya) — cos(kya)). Another aspect of this symmetry,
giving the cuprates even more strange charachteristics and making it unconven-
tional SC, is that the order parameter vanishes at four points, “nodes”, along the

diagonals in the Brillouin zone, giving rise to zero energy excitations.

300 -
‘.I.‘II‘ T*
;TN Strange metal

<
~ 200 Pseudogap
g
"g TSC, onset
2 TC.onset'o""'\.
£ ¢ S
) I -~
= Charge

100 order

pmin pc1 . pc2 .
Hole doping, p

pmax

FIGURE 1.4: Schematic phase diagram of cuprates. (adapted from [14])
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The normal state of the underdoped and optimally doped sides of the SC dome
exhibits peculiar properties, such as high resistivity relative to metals, giving it the
name “bad” or “strange” metal. This phase is also characterized by linear tem-
perature dependence of the resistivity, contrary to 72 behavior expected by Fermi
liquid theory. Another hallmark of the bad metal is the absence of quasiparticles.

Thus, this regime is referred to as non-Fermi liquid.

Another exotic phase in cuprates is the Pseudogap. This regime starts at T,
below which a partial gap is opened in the electronic spectrum. This phase is one
of the biggest mysteries regarding the cuprates phase diagram, and its origin is
strongly debated and is still an open question. One explanation is that this phase
stems from the creation of Coopers pairs which are not coherent due to strong
phase fluctuations. Another theory relates this regime to other competing orders

such as charge and spin density wave.

1.2 2D Superconductivity in Cuprates

J. Wen and J.M. Tranquada et al. [15] investigated the temperature dependence
of electrical resistivity, pg, and p., upon application of magnetic fields up to 9 T
in single crystals of Lay_,Ba,CuO, (LBCO) with x = 0.095. In the configuration
where H was applied perpendicular to the planes, H |, the field had a drastic effect
on p., significantly depressing the temperature at which p. — 0, while the effect of
H, on p,, was rather weak (Fig. 1.5). In contrast, the effect of a parallel applied
field was modest for both p,;, and p.. These results indicate that a two-dimensional

phase could exist at high magnetic fields.

R. Zhong and J.M. Tranquada et al. [5] showed similar results in a different cuprate,
La; g5Caq.15CusOg, which has two copper oxide layers in a unit cell. These are

summerized in Fig. 1.6, which shows a phase diagram demonstrating how the
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FIGURE 1.5: Magnetoresistance in LBCO withx = 0.095. Resistivities vs. tem-
perature for a range of magnetic fields with the corresponding configurations.
Adapted from [15].
sample goes through a 2D SC phase before returning to its normal state. The

different phases are determined by restitivity measurements under magnetic field

perpenicular to the planes, and measuring both p,;, and p..

Q. Li and J.M. Tranquada et al. [3] showed that in LBCO x=0.125 there is a
temperature range in which the layers are decoupled at zero magnetic field. This
phenomena is attributed to the formation of charge and spin stripes in this com-

pound.

More experimental evidence of a 2D superconducting phase was presented by A.A.
Schafgans and D.N. Basov et al. [16]. A series of magneto-optical reflectance mea-
surements were preformed on underdoped crystals of LSCO at a magnetic field of
up to 8 T applied parallel to the crystal c-axis. These measurements revealed a
complete suppression of the interplane coupling, while the in-plane superconduct-

ing properties remained intact, suggesting a 2D superconducting state (Fig. 1.7).

Two different sets of theories were conceived to explain the experiments. E. Berg

and A. Kivelson proposed a theory which discusses dynamical layer decoupling in
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FIGURE 1.6: Laj g5Ca; 15Cus0Og phase diagram. Large squares and circles

represent the superconducting transition of the resistivy p. and pgp respectively.

Magnetic field is applied perpendicular to the planes, and induce decoupling of
the layers, thus creating 2D SC region. (adapted from [5])
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FIGURE 1.7: Magneto-optical measurements of LSCO x=0.1, showing the evo-

lution of the Josephson plasma resonance (JPR) at T=8 K in magnetic field.

The JPR is the only feature in the spectra that is sensitive to field, and by
H=8 T (well below H.2) the JPR signal is suppressed. Adapted from [16].
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stripe-ordered high T, superconductors [6]. The theory argues that under certain
circumstances, the superconducting condensate can occur in a two-dimensional
system. This theory was proposed as the underlying cause for the layers decoupling
as was observed in LBCO x=0.125. It was suggested that the existence of stripe
order can lead to an enormous suppression of the inter-plane Josephson coupling.
This in turn could explain the existence of a broad temperature range in which
2D physics is apparent. Furthermore, D. Pekker [17] and T. Vojta [18] proposed
independently two complementary theories with the same underlying conclusions.
Both theories discuss the different phase transitions in a weakly coupled layered
system with c-axis disorder. One prediction of these theories is a temperature
region at which an intermediate phase exists where the in-plane superfluid stiffness,
0% reaches a finite value while the inter-plane superfluid stiffness p¢ remains zero.
Hence, the superfluid splits into an array of 2D puddles with no phase coherence

along the c-axis.

Last but not least, we shortly discuss measurements of bulk vs. isolated sheets stiff-
ness, emphasizing their different behavior. I. Hetel et al. [1] measured the super-
fluid density in underdoped 2-unit-cells-thick Y;_,Ca,BayCuzO;_s5 (Ca-YBCO)
films using a two-coil mutual inductance method. They found that the stiffness
exhibits an abrupt downturn as the temperature approaches T, as expected from
a 2D KTB transition. In contrast, D.M. Broun et al. [19] probed the stiffness of
bulk underdoped samples of YBCO with width of 0.3mm using cavity perturba-
tion when H applied perpendicular to the CuO, planes. They did not observe 2D
K'TB behavior, but the stiffness rather went down smoothly through the expected

jump in the stiffness.
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1.3 Traveling Solvent Floating Zone Method

1.3.1 General Description

Crystal growth using the optical floating zone technique has been extensively used
to grow a variety of bulk crystals, particulary of metal oxides such as cuprate
superconductors. A large high quality single crystal enables a reliable measurement
of physical properties, and is specially important for studying direction dependent
ones. High-T, cuprates superconductors melt incongruently. Namely, they do not
melt uniformly and decompose into other substances after solidification, hence
growth methods that rely on direct crystallization from self melt are rendered
useless for the cuprates. Therefore solution growth have been developed to grow
crystals of cuprates. One of the popular methods to grow the high-T, materials is
the Traveling Solvent Floating Zone Method (TSFZ), which allows a high degree

of control of the crystal growth parameters.

1.3.2 The image furnace

In all image furnaces, the basic concepts is that either ellipsoidal or parabolic
mirrors are used to focus light from halogen or xenon lamps onto a vertically
held feed rod to produce a molten zone. Figure 1.8 presents a schematic view
of the image furnace core parts. The feed and seed material rods are placed
inside a quartz tube and mounted on vertical shafts that can be rotated with a
variable speed in the same or opposite directions. The quartz tube is used to
create a controlled atmosphere, usually of Argon, Nitrogen and Oxygen gas mix,
and under desired pressure between 0 to 10 bars. The gap between the two rods is
then placed at the common focal point where the temperature can be as high as

3000 ° C, which depends on the sample absorption, lamp power, and the applied
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voltage on the lamps. The high temperature zone melts the rods and creates a
molten zone between them. By raising the mirrors and lamps, this zone moves
upwards along the feed rod, while the previously molten part is crystalizes after
had been moving out ot the high temperature zone. An example of this process is

shown in Fig. 1.9.

Feed rod

Parabolic miror

Halogen Lamp

Motlen Zone

Crystal
Seed rod

ontrolled atmosphere

\ Quartz tube

FIGURE 1.8: Schematic draw of the Floating Zone Image Furnace.

1.3.3 Key Process Parameters in Crystal Growth

Although very powerful method, growing crystals with the TSFZ is somewhat
tidious. It requires carefull optimization of different control parameters in order

to achieve a high quality single crystal.



Chapter 1. Introduction 17

FiGure 1.9: LSCO single crystal during growth. Left: The floating zone
furnace at work. Right: Feed and seed rods are connected with a molten zone
in between during crystal growth.

High quality feed rod

The preparation of a feed rod is the initial stage of crystal growth using the
TSFZ method. For feed rods made from compacted powder, such as most metal
oxides, excess porosity can undermine the stability of the molten zone due to
penetration of the melt into the feed rod. This penetration can be attributed to a
capillary effect in which the melt is partially absorbed by the cavities among the
fine particles in the feed rod. For most materials, such porosity can be decreased
by either increasing the pressure at which the rod is compacted or sintering the
feed rod at temperatures near its melting point prior to loading it to the image

furnace.

Therefore, the feed rod should be homogeneous and uniform in composition and
its geometry (straight with constant diameter), and its density should be as close

as possible to that of the final single crystal.
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Crystallization rate (growth speed)

The growth speed or crystallization rate is unarguably one of the most critical
parameters governing crystal quality. Crystallization rate can strongly vary from
240 mm/h (GaAs) to 0.05 mm/h (Bi-based superconductors). It has been widely
reported that changing growth speed can affect the grown crystal in terms of
crystal size, formation of bubbles, cracks, chemical composition, crystal alignment,
twin formation and has a great influence on the solid-liquid interface and molten
zone stability. The growth rate is mainly restricted by the slow solution diffusion
process at the solid-liquid interface boundary, thus the typical growth rate required
for optimal crystal quality depends on whether the materials melt congruently or
incongruently. For congruently melting materials the composition of the molten
zone is the same as the feed rod, crystallization process is not much limited by
slow diffusion processes and relatively higher growth speed can be achieved. For
incongruently melting materials, the composition of the melt differs from the one
of the original solid. This difference necessitates solution diffusion at the solid-
liquid interface, which generally takes place slowly and therefore limits growth

speed to a very slow rate.

Growth atmosphere and gas pressure

Both atmosphere and gas pressure are crucial parameters when growing crystal in
the TSFZ method and play a key difference between success and failure. These
parameters are fairly easily controlled during the crystal growth by selecting the
right gas mixture coming in, and the desired pressure coming out from the quartz
tube. The main reason quoted for growing in higher than atmospheric pressure is

to reduce the vaporization of volatile components from the sample.
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Lamp power and temperature of the molten zone

The power level depends mainly on the chemical properties of the grown mate-
rial, but is also affected by factors such as gas content and pressure, growth rate
,density and diameter of the feed rod ,Jamp de-focusing and the temperature gra-
dient around the molten zone. For incongruently melting materials it is extremely
important to adjust the power level according to the material phase diagram,
then it must be kept constant. Failing to fulfill this condition will result in either

secondary phases or completely wrong chemical composition of the grown crystal.

1.3.4 Lay, ,Sr,CuO, Crystal Growth

Powders of CuO (99.9%), LasO3 (99.99%) and SrCOj; (99.9%) were dried at high
temperature between 500 °C to 1050°C, then weighted accordingly to the calcu-
lated stoichiometric values. The desired doping level of the end product crystal is
therefore determined in the beginning of the process by adding the right amount
of SrCOj3 into the mixture. An extra 2.5% of CuO were added due to evaporation
during the crystal growth. The weighted powders were mixed and grinded together
until smooth and homogeneous texture is achieved. The mixed powder was placed
in alumina crucible and underwent firing at 960°C in a box furnace. Such high
temperatures induce diffusion of the reactants and binds the chemicals together to
form Lay_,Sr,CuO,4. The grinding and firing process was repeated three time in
order to eliminate possible impurity phases. After this process was completed, the
powders were inspected with x-ray analysis to ensure right doping concentration
and purity. The second stage of preparation involves making a cylindrical shaped
rod, which will be used as a feed and seed for the crystal. The powder mixture
was compacted into a rubber tube which was then inserted into an isostatic press.

Pressure of up to 60000 psi (4000 bar) compacts the powder into a long rod (up
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to 20cm), reaching approximately 60% of the crystal density. The compacted rod
was sintered at T' = 1230 °C near its melting point temperature for 24h. This step
brings its density very close (= 95%) to the crystal one. Figure 1.10 demonstrates

such feed rod.

FIGURE 1.10: A sintered feed rod of LSCO.

The crystals were grown under elevated pressure of mixed Argon/Oxygen (10:1)
atmosphere. A slow rate of 1 mm/hour was chosen to let the diffusion in the
melt to take place, the liquid and the solid being of different composition. The
feed and seed/crystal were rotated in opposite directions at 15 RPM in order to
improve the liquid homogeneity. All the growths were ended voluntarily after the
whole feed rod was consumed by growth, yielding black semi-metallic color crystal
with lengths ranging from 70 mm to 120 mm and typical diameter of 5 mm to 7
mm depending on the starting rod dimensions and pull rate of the feed rod. An
exemplary crystal is shown in fig. 1.11. After growth, the crystals were annealed
in Argon atmosphere at 850°C for 120 hours to remove excess oxygen and relieve

thermal stress.

FicURE 1.11: As grown single crystal of LSCO.
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1.4 SQUID Magnetometer

Superconducting Quantum Interference Devices (SQUIDs) are commonly used to
detect the smallest magnetic signals and function as highly sensitive magnetic
flux-to-voltage transducers. The SQUID relies on the physical principal of the
Josephson junction, making it sensitive to a change in magnetic flux of one flux

quantum ¢y = Q—he = 2.07 x 107 "Gem?.

The measurement system that was used in this work was an S600 SQUID SUSCEP-
TOMETER of CRYOGENIC LTD. This system can work at either high magnetic
field regime up to 6.5 T, or at a low field regime up to 200 G, with field resolution
of 0.001G. The measurement is performed by moving a sample trough a set of
pickup coils in a configuration known as a second-order Gradiometer. The move-
ment induces a change of magnetic flux and creates screening currents that flow
into the flux transformer. This flux change is detected by the SQUID device. The
output voltage is converted to physical units of magnetic moment. More informa-
tion regarding the SQUID operation is discussed in chapters 2 and 3 where it is

relevant.

1.5 Muon Spin Rotation (uSR)

Muon spin rotation, relaxation or resonance (uSR) is a technique used for studying
magnetic properties in materials, by directly measuring the time dependence of the
muons spin, after injecting it into the sample. This technique allows detection and
measurement of static magnetic fields in the range of 10> — 1 Tesla or magnetic

field fluctuations on a time scale of 1072 — 10~ sec.
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1.5.1 Principle of uSR

The production of muons is achieved by using high energy proton beams produced

in cyclotrons. The protons are fired into a target to produce pions via

p+p— T +p+n

and then the pions decay into muons via

7T+—)/L++l/u

The pions that decay at the target surface have zero momentum so the outgoing
muon and neutrino will have opposite momenta. The pions are spin-less particles,
thus by angular momentum conservation the muon and the neutrino must have
opposite spins. The neutrino has a definite chirality, and its spin must always
be aligned in the opposite direction to its momentum, implying that the muons
produced in this process are 100% spins polarized. The muons are transported
through the beam-line using a system of magnets, that maintain the spin polariza-
tion. They hit the sample with an energy of 4MeV, where they lose their energy
via Coulombic scattering processes which have no effect on their spin, leaving the

spins polarized in a certain direction.

In the presence of external or internal magnetic field, the muon spin begins to
rotate with an angular frequency of w, = v, B, where v, the gyro-magnetic ratio,
is 13.55 KHz/Gauss. The life time of the muon is 7, = 2.2us, and it decays in a

three body process

put — et v 47,
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FIGURE 1.12: The angular distribution of emitted positrons from muon decay.

The angular distribution of the emitted positrons is shown in Fig 1.12. The decay
involves the weak interaction which violates parity, and leads to the positron being
emitted preferentially along the direction of the muon’s spin after it has been

decayed. This effect allows one to measure the polarization of precessing muons.

1.5.2 The uSR experiment

A schematic diagram of the uSR experiment is shown in figure 1.13. Once a muon
is implanted in the sample, a clock starts running and stops only when a positron
is detected, using an array of plastic scintillators connected via a light-guide to a
set of photo-multipliers. In the simplest setup we have two detectors, the detector
in the incident direction of the muon named the “forward detector” (denoted as
F in the sketch) and the “backward detector” in the opposite direction (B in the

sketch).

In principle there could be up to six detectors: Forward and backward, right
and left, top and bottom. From each detector a histogram of decay times is
built (Ng and Ng). The number of positrons detected in all the detectors decays
exponentially with time, but if the muon “feels” a magnetic field, the histogram

will oscillate with the frequency w,. The muon polarization can be extracted from
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F1GURE 1.13: Schematics of uSR experiment.

the normalized difference between the histograms of the forward and backward

detectors.

A(t) is known as the asymmetry. It contains information about the local magnetic
environment in materials, and is usually measured as a function of temperature.
When no external field is applied, the muon will precess and reveal the internal
field distribution. This method is known as Zero Field uSR ( ZF-uSR) and it is
useful in research of ferromagnets, anti-ferromagnets and spin-glasses. pSR can
be also carried out when applying external magnetic field. There are two different
configurations for SR in external field: Longitudinal field SR, in which the initial

muon spin polarization is parallel to the applied field direction, and transverse field
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1SR, in which the initial muon spin polarization is perpendicular to the applied

field direction.

1.5.3 Low Energy uSR

In Low energy puSR (LE-uSR), by controlling the muons energy E, the muons stop
with high probability at some chosen depth inside the sample while keeping their
polarization intact. The experiemnt was performed in the LEM beam line [20] at
the Swiss Muon Source SuS, Paul Scherrer Institute, Villigen, Switzerland. 4 MeV
spin-polarized muons are stopped at a moderator, made of 300 nm thick layer of
solid Argon grown on top of a silver foil. They are then accelerated to a chosen
energy between 1 to 30 keV by applying a voltage difference between the foil and
the sample. The sample holder is placed on a sapphire plate hence electrically

isolated.

The whole chamber is kept in ultra high vacuum of 107° mbar, and the stopping
and accelerating proceses of the muons preserve most of the polarization. Once
in the sample, the muon spin rotates in the local external or internal magnetic
field and the time dependent polarization is reconstructed from asymmetry in the

positrons decay, which are emitted preferentially in the muon spin direction.

More information, including data analysis methods, is preseneted in the main text

in Chapter 3.



Chapter 2

Stiffnessometer, a
Magnetic-Field-Free
Superconducting Stiffness Meter

and its Application

In this chapter, we introduce a new method to measure superconducting stiffness
ps, critical current density J¢, and coherence length ¢ without subjecting the
sample to magnetic field or attaching leads. We start by presenting the technique
and the underlying ideas behind it, then show data taken on different types of
superconductors (type I, I and high 7. superconductor), discuss the strengths
and weaknessess of the method, and finally demonstrate its application to LSCO
x=0.12. We put stress on verification experimental tests taken to assure that our

method works.

Superconducting stiffness py is defined via the quantum mechanical, gauge in-

variant relation between the current density J, the vector potential A, and the

26
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complex order parameter ¢ = [1)| ¢***) according to
h
J = ps (—CV@ - A) (2.1)
q

where ¢ is the carriers charge [21]. When Vi = 0 ! the London equation is
obtained:

J=—p;A. (2.2)

ps can be expressed in units of length via

c

= e (2.3)

Ps

where A is known as the penetration depth, and describes the length upon which

external magnetic field decays into a supercondtor, namely the Meissner effect.

London’s equation can be derived from the following argument: Quantum mechan-
ically, the canonical momentum operator obeys p = mv + ¢A /c. Bloch’s theorem
states that (p) must vanish at the ground state. Together with the current density

definition J = nyqv, one gets the London equation J = —n,q*A /mec.

Since ps provides information on the ratio between superfluid density and effective
mass, it is the most fundamental property in the study of superconductors. For
example, in underdoped high temperature superconductors (HTSC) the transition
temperature T, is found to be proportional to the stiffness at low temperatures.
This finding is known as the Uemura relation [22]. It has also been found by C.
Homes [23] that in the cuprates T, multiplied by the DC conductivity just above
T, is proportional to the superfluid stiffness. These two scaling laws must play

a key role in any theory of HTSC [22]. Another important expample is that the

'The conditions under which this assumption holds are discussed later in this chapter and on
the next one.
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temperature dependence of the stiffness, ps(7'), is determined by the symmetry
of the superconducting order parameter, thus allows one to infer the underlying

pairing mechanism, e.g. s-wave or d-wave [24].

The standard method to measure the stiffness is via the penetration depth; one
applies a magnetic field and measures its penetration into a material [22, 24-26].
However, magnetic field raises issues one must consider: first, it is essential to take
into account the sample shape via the concept of the demagnetization factor. This
factor is known exactly only for ellipsoidal samples, which are nearly impossible
to come by. Second, magnetic fields introduce vortices, which can complicate the
interpretation of the penetration depth measurements. Third, all methods have
an inherent length scale window. The longest penetration depth that has been
measured to the best of our knowledge is 10 pm [24-26]. This is far shorter than
a typical sample size. Therefore, there is a temperature range below 7T, at which
A > 10 pm where the behavior of pg is obscured. For highly anisotropic samples,

this range could extend to temperatures well below T..

Similarly, there is no direct way to measure J.. The standard method is to connect
leads, and to determine the current at which voltage develops across the sample.
However, the voltage first develops in the vicinity of the leads, where heat is

generated. This heat affects the rest of the sample.

Here we present a new instrument to measure stiffness in zero magnetic field
based on the London equation. This method determines ps directly without the
use of the penetration depth concept. Consequently, we name the instrument
Stiffnessometer. As we explain below, the Stiffnessometer can measure very weak
stiffness, which corresponds to A ranging from tens of microns to few millimeters.
This allows measurements of stiffness closer to the critical temperature 7, than
ever before, or measuring the stiffness of very anisotropic systems. Finally, vortices

or demagnetization factor are not a problem for the Stiffnessometer since the
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measurement is done in zero field. We also demonstrate that the Stiffnessometer
can measure critical currents without leads and hence provide information on the

coherence length &.

2.1 Experimental setup

W rg

=

N

FIGURE 2.1: Experimental setup. (a) An illustration of the Stiffnessometer:
The superconducting ring is threaded by an inner-coil, placed in the center of
a gradiometer, and surrounded by a main-coil that serves as a shim coil. (b) A
typical inner-coil, 60 mm long with 2 mm outer diameter. The data collected
in this work are taken using this inner-coil. Also shown are two Lag_,Sr,CuQOy4
rings with a rectangular cross-section (¢) A zoom-in on other inner-coils with
outer diameters ranging from 2 mm to 0.25 mm, and length of 60 mm.

The method is based on the fact that outside an infinitely long coil (defining
the Z direction), the magnetic field is zero while the vector potential is finite.

This vector potential is tangential and points in the ¢ direction. When such an



Chapter 2. Stiffnessometer 30

inner-coil is placed in the center of a superconducting ring, the vector potential
leads to a current density in the ring according to Eq. 2.1. This current flows
around the ring and generates a magnetic moment. The magnetic moment is
detected by moving the ring and the inner-coil rigidly relative to a pickup-loop.
The concept of the measurement is depicted in Fig. 2.1(a). A typical inner-coil and
two superconducting rings of the cuprate superconductor Lay_,Sr,CuOy4 (LSCO)
with = 0.12 are shown in Fig. 2.1(b). More details on these coil and rings are
given in the analysis section. In Fig. 2.1(c) we present a zoom-in on three different
coils with outer diameters of 2, 0.8, and 0.25 mm. They have two layers of wires,
and their length is 60 mm. Our Stiffnessometer is an add-on to a Cryogenic SQUID

magnetometer.

Rather than using a single pickup-loop we actually use a second order gradiometer.
It is made of three winding groups. The outer two are made of two loops each
wound clockwise and the inner group is made of 4 loops wound anticlockwise.
This is also demonstrated in Fig 2.1(a). The gradiometer ensures that a magnetic
moment generates a voltage only when it is in the vicinity of the gradiometer

center. Also, any field uniform in space gives zero signal even if it drifts in time.

The gradiometer is connected to a superconducting quantum interference device
(SQUID). The output voltage V' of the device is proportional to the difference
between flux threading the different loops of the gradiometer. We record V(z) as
the relative distance between the gradiometer and the ring changes when the ring
and inner-coil move. Our gradiometer detects magnetic moments within a range
of 15 mm on each side of its center. This sets the length of our inner-coils. It
allows us to detect contribution from the ring while minimizing contribution from

the ends of the inner-coil.

The measurements are done in zero gauge field cooling (ZGFC) procedure: we cool

the ring to a temperature below 7., turn on the current in the inner-coil when the
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FiGure 2.2: Raw Data. SQUID signal for an Nb ring at high temperature
when the ring is not superconducting and at low temperature when the ring is
superconducting. The inset shows the difference between them.
ring is superconducting, and measure while warming. A measurement above T,
is used to determine the value of the flux inside the inner-coil. For any circle
of radius r in the ring Vo = [/r ¢ where [ is an integer. The ZGFC procedure
sets [ = 0. This value of [ does not change as A is turned on, and Eq. 2.2 holds

throughout the measurements.

To better appreciate why Vi = 0, one can view the phase ¢ as an in-plane arrow.
Cooling at A = 0 must set Vi = 0 to minimize the kinetic energy, namely, all
the arrows point in the same direction. Since the phase is quantized, to change ¢
means to make a twist of all arrows in a closed loop, such that the phase between
the first arrow and last one in the loop changes by 27. This would lead to a

discontinuity in the phase value, a procedure that costs energy. A nice analog is a
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ferromagnetic ring with the spins pointing in the same direction. Rotating the last
spin with respect to the first one by 27 requires to break a bond. This procedure
is not energetically favorable for a ferromagnet (or the SC ring). Therefore, when
turning A on after cooling, all the arrows continue to point in the same direction
and Vi = 0, until A exceeds a critical value. At this point, the current in the
SC is too high and it is worthwhile for the superconductor to “break a bond” and

reduce the current.

2.2 Results

A typical measurement is demonstrated in Fig. 2.2. The red symbols represent
the signal when the entire inner-coil has moved through the pickup-coil at 7" >
T.. Before the lower-end of the inner-coil has reached the gradiometer, the flux
through it is zero. During the time the lower-end of the inner-coil transverse the
gradiometer its contribution to the total flux changes from zero to positive to
negative and back to zero. The upper-end of the inner-coil has the opposite effect;
its contribution to the flux goes from zero to negative to positive and back to
zero. But there is a time (or distance) delay between the lower-end and upper-end
contributions, leading to the observed signal. A linear drift of the voltage can
easily evaluated as demonstrated by the dotted lines. We define the inner-coil

maximum voltage difference AV;3** as demonstrated in Fig. 2.2.

At T < T, the ring adds its own signal, as shown in Fig. 2.2 by blue symbols. The
ring produces current that generates opposite flux to the one in the inner-coil.
The ring signal is concentrated on a narrower range on the z axis. By subtracting
the high temperature measurement from the low temperature one, it is possible to
obtain the signal from the ring alone AVy as demonstrated in the inset of Fig. 2.2.

We define the maximum ring voltage difference AV*** as shown in the inset. The
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FIGURE 2.3: Temperature dependence. The SQUID signal difference be-
tween high and low temperatures AVg for an LSCO x = 0.12 ring at different
temperatures. The CuOq planes are perpendicular to the ring symmetry axis.
The inset shows the normalized voltage difference as a function of temperature.
ratio AVZ* /AV[2*® stores the information on the stiffness, as will be discussed

in the Data Analysis subsection. For a given inner-coil and current it is enough to

determine Vo once.

In Fig. 2.3 we present the Stiffnessometer signal evolution with temperature from
an LSCO x=0.12 ring. At temperatures between 5 K and 22 K there is no change
in the signal. But, between 22.5 K and T, = 27.9 K the signal diminishes rapidly,
as expected. The normalized voltage difference AV /AV/E*® is plotted in the

inset of Fig. 2.3.

There is a risk that field generated in the inner-coil leaks since no coil is infinitely
long or perfect. To overcome this leak, a main coil, also shown in Fig. 2.1, acts as

a shim to cancel the field on the ring when it is at the gradiometer center. Our
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FIGURE 2.4: Experimental tests. (a) The signal with a current of 0.3 mA
in the inner-coil and 0 and 1 mOe fields demonstrating the quality of the field
cancelling procedure. (b) The SQUID signal for an open and closed rings when
the field is zero and the vector potential is finite. (c) A test experiment: the
SQUID signal for an open and closed rings when the vector potential is zero
but the field is finite. (d) Demonstrating that when A is much smaller than the

sample size the signal is material independent.

main-coil has a field resolution of 107 Oe from 0 up to 200 Oe. Therefore, we can

keep the field on the ring as low as 1 mQOe.

To ensure that our signal is not due to leakage of magnetic field from the inner-coil

or any other field source, we perform two tests. In the first one we apply current

in the inner-coil, measure the field leakage at the ring position using an open ring

and cancel it using the main coil. Then we increase the field by only 1 mOe. The

measurements before and after the field increase are depicted in Fig. 2.4(a). They

indicate that we can cancel the field in the ring position to better than 1 mOe.

Clearly in zero field there is no signal. In the second test we measure the stiffness

(zero field and applied current in the inner-coil) of closed and open rings, which
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are otherwise identical in size. The results are shown in Fig. 2.4(b). The signal
from a closed ring is much bigger than the background from an open one. In
Fig. 2.4(c) we repeat this measurement with an applied field in the main coil of
1 Oe, and no current in the inner-coil. In this case both open and closed rings give
strong and similar signal. The difference between the two signals is consistent with
the missing mass in the open ring. These tests confirm that the field leakage is
not relevant to our stiffness measurement. Our ability to determine small stiffness

depends on how well we can cancel the field at the ring position.

Another important test of the Stiffnessometer comes from comparing the signal
from rings of exactly the same dimensions, but made from different materials.
At temperatures well below T, the stiffness is expected to be strong, namely, the
penetration depth should be much shorter than all the ring dimensions. In this
case a superconducting ring produces a current which exactly cancels the applied
flux through it, regardless of the material used. Therefore, all materials should
produce the same signal. This is demonstrated in Fig. 2.4(d) for Niobium (Nb),
Lead (Pb) and LSCO. They all have the same AVy.

The Stiffnessometer can also be used to measure critical currents. This is depicted
in Fig. 2.5 for the LSCO ring at T' = 25.8 K. The signal from the ring grows linearly
with the applied current in the inner-coil until AVZ"* reaches a saturation value.
It means that the superconductor can generate only a finite amount of current.
Therefore, we are detecting a critical current, but in a thermal equilibrium fashion
since we do not use leads or inject power into the system as usually done in
critical current measurements [27, 28]. Thus, it is more adequate to compare
our measurements of critical current with theoretical expectations. Moreover,
the critical current density in the ring must be related to the applied critical
current divided by dimensions of area, which in our case are of order 1 mm?. This

demonstrates that the critical current we are measuring must be on the order of
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FIGURE 2.5: Critical current. The normalized voltage difference, which is
proportional to the stiffness, induced by an LSCO ring as a function of the
current in the inner-coil. The data were taken at T' = 25.8 K. The stiffness is
practically current independent up to I. and then falls off like 1/1 as demon-
strated by the solid red line. The upper right inset shows the unnormalized
signal. The lower left inset demonstrates that the critical current is propor-
tional to (T — T,)17.
1 Acm~2; a more detailed analysis is given below. The critical current density

measured with the Stiffnessometer is several orders of magnitude smaller than the

critical current density measured by other methods, which are on the order of

10 Acm—2.

As the current in the coil exceeds I., vortices start to flow into the center of the
ring, so that the current density in the ring never exceeds the critical value J.. In
other words Vi = [/r with [ # 0. Therefore, for I > I., the current in the ring
and AVZ"* are fixed. In contrast, AV/3*" increases linearly with I so that the
stiffness decreases like 1/1. This behavior is demonstrated in the upper right inset

and main panel of Fig. 2.5.
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FIGURE 2.6: Vector potential and magnetic field profile. Numerical
calculation of the vector potential and magnetic field per current at z=0 for one
of our inner coils. The coil parameters are: current I =1 A, length [ = 6.0 cm,
inner diameter = 0.08 cm, outer diameter = 0.2 cm, there are 4 layers and 1600
turns. The ring position relative to the inner-coil center is demonstrated by
the arrows. The vector potential falls off like 1/r over the range of the ring as
the solid line demonstrates. Inset: AFE and A%./AFE as a function of z, as
explained in the main text.

2.3 Data Analysis

Before analyzing the Stiffnessometer signal it is essential to determine the realistic
vector potential generated by our inner-coil. The vector potential outside of an

infinitely long coil is given by

D0
Ao =—"23 2.4
Ic 2 @, ( )

where r is the distance from the center of the coil, and ®;¢ is the flux produced

by the inner-coil. To check the validity of this expression in our case we calculated
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numerically the magnetic field B, and vector potential A, (in the Coulomb gauge)
produced by the inner-coil as a function of r and z. This coil is 6.0 cm long, has
inner diameter (I.D.) of 0.08 c¢m, outer diameter (O.D.) of 0.2 cm, 4 layers, and
1600 turns in total. In the calculation we used a current of 1 A. The measured
LSCO ring has an 1.D. of 0.2 cm, O.D. of 0.5 cm, and height of 0.1 cm. Fig. 2.6
shows the result of the calculations. The 1/r approximation, presented by the solid
line, is perfect for our ring size and even for much larger rings. The calculation
also shows that the strongest field just outside of the inner-coil is 10% times smaller

than the field at its center.

Analyzing the Stiffnessometer signal is done in two steps and on two levels. The
steps are first to consider a single pickup-loop and only then a gradiometer. The
levels are: weak stiffness and strong stiffness. Weak stiffness means that the vector
potential on the ring is only due to the applied current. The vector potential gen-
erated by the internal current of the ring is ignored. This approximation is valid
when the ring current is small, namely, the stiffness is weak, or the penetration
length is longer than the sample dimensions. The weak stiffness analysis is ana-
lytical and valid close to T,. At the strong stiffness level the self vector potential
is taken into account. This leads to a partial differential equation (PDE), which

we solve numerically.

2.3.1 Single pickup-loop

Had we used a single pickup-loop, the voltage would have been proportional to
the flux threading it [Bda = [ Adl = 2rRp,A(Rpr), where Rp;, = 1.3 cm
stands for our pickup-loop radius. Above T,., maximum voltage is achieved when
the pickup-loop is at the center of the inner-coil so that V;3** = k®;c where k

is a proportionality constant. Similarly, a ring at the center of and parallel with
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a pickup-loop would have generated a maximum voltage proportional to its own
flux, namely, V7'** = k27 Rpp Ar(Rpr) where Ag is the vector potential generated

by the ring. Therefore,
AVI’%”M - AR(RPL)

- 2.5
AViger Are(Rpr) (2:5)

so we only need to calculate the ratio of the vector potentials at the pickup-loop

radius.

2.3.1.1 Weak stiffness

The current from each ring element is dI(r) = J(r)hdr where h is the ring height
and dr is a ring element width. Using the London equation, the magnetic moment

generated by each ring element is dm = ”—szl = 1%0}1611”. Integrating from the

inner to the outer radii yields the total moment of the ring m = 22¢(R2  — R2 ),
and
m

Using Eq. 2.3, the penetration depth is given by

h(RcQ)ut - R?n) AIC(RPL)

A2 = )
8Rpr, Ar(Rpy)

(2.7)

Since all the dimensions of the ring and pickup-loop are on the order of 1 mm,
and we can measure voltage ratios to better than 5%, we can measure A bigger

than 1 mm.

The critical current density in the ring J¢ can also be calculated in the weak
stiffness limit. In this case we define a critical current in the coil Ij., as the
current at which the linearity between the signal AVZ'** and coil current I;¢

breaks. This happens when A;c(R;,) reaches a certain critical value A (R;y,).

We take AS-(R;,) from the numerical calculation presented in Fig. 2.6 using I§.
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The critical current density in the weak stiffness limit is

C

weak = mAf*c(Rm)- (2.8)

Similarly, the coherence length is given by [21]

Po
2\/§7A?C(Rin) '

gweak = (29)

Since A ~ 1 mm, and the critical current is on the order of 1 mA, [AS.(R;,) ~

1072 Oe-cm| we can measure J¢ ~ 1 Acm™2, and € ~ 1 pum.

2.3.1.2 Strong stiffness

In the strong stiffness case, the total vector potential experienced by the ring A

is a sum of Ajc and, in the Coulomb gauge,

An(r) = / )’ (2.10)

c v —1/|’
Ring

namely, A7 = Ajc+ Ag. Using the fact that V2(1/r) = —47d(r) and the London

equation one finds that

1 0]
2Ap=—— (S0 +A 2.11
VAR A2(r) (27r7’<'0+ f (2.11)

where A is infinite outside of the ring and a constant inside of it. In cylindrical

coordinates, Ar = A(z,7)¢, and with the coordinate transformation

I'/RPL — I‘,AR/Ajc(RpL) — A, )\/RPL — A (212)
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the equation in the ring becomes

0?A 0?A 10A A 1 1
St Tl O T 2.1
02?2 + or? + ror rz )2 < * r) (2.13)

but now r, z, and A are in units of Rpy, and A is in units of A;¢(Rpy). Outside of
the ring, the right hand side of the equation is zero. The solution of this equation,
evaluated at Rpy, is the quantity one would measure with a single pickup-loop as
indicated in Eq. 3.1.

A2 ARy
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FIGURE 2.7: Ap distribution inside the ring. The total vector potential
obtained from the solution of Eq. 2.13 and the vector potential of the inner-coil
Arc, as a function of r and z for A/Rpr, = 0.1/13.

We solved Eq. 2.13 for different A values and our LSCO ring parameters with
both the Comsol 5.2a and FreeFem softwares. We used finite elements in a box
[—L,, L,] x[0, L,] where L, = L, = 8. Dirichlet boundary conditions are imposed
at z = +L,, r = 0, and r = L,. Maximal mesh spacing is set to be h = 0.01
in the ring and its immediate vicinity, and h = 0.25 elsewhere. The total vector
potential A for A/Rp;, = 0.1/13, and for all values of r and z in the ring’s cross
section is presented in Fig. 2.7. Clearly, the vector potential hence the current is
strongest close to the inner radius of the ring. They decay towards the center of

the ring. The solution at » = 1 and z = 0 and a range of A\ values is presented
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in Fig. 2.8 on a semi-log plot. The upper right inset is a zoom-in on the long A
region emphasized by a rectangle. The solid line represents Eq. 2.7 again with the
LSCO ring parameters. There is a good agreement between the PDE solution at

long A and the weak-stiffness approximation.
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FIGURE 2.8: Solution of the Stiffnessometer PDE. A semi-log plot of the

solution of Eq. 2.13 evaluated at the pickup coil radius, for different values of

(Rpr,/\)?. The inset shows the behavior for large A. The solid line is given by
Eq. 2.7

2.3.2 Gradiometer

At this step we convert between the signal as detected by a gradiometer to the
vector potential calculated above for a single pickup-loop. We find a conversion
factor, the “G factor”, from the vector potential evaluated at the position on a
single pickup-loop AP* to the differences in the vector potential generated by the

gradiometer AA®. This has to be done for both the ring and the inner-coil. The
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FIGURE 2.9: London penetration depth and coherence length. \ (T)
and & (T) are calculated as described in the text. Inset: log-log plot of A and
¢ as a function of 1 — T'/T..
vector potential of a ring on the pickup-loop depends on its height z from the

plane of the loop according to A = 2rmR%, /(R%, + ZQ)%. Therefore, for a ring

and our gradiometer

AR (2) —2Rpy ARpy
PL 3 T 3
Ar” (Rp,+ (24 Azpr)?)2  (Rp, + 22)2

—2R},
(Rpp + (2 — Azpr)?)

+ . (2.14)

(SIS

where Azpy = 7 mm is the separation between the different groups of gradiometer
windings. The difference between the maximum and minimum of this function,

AAGJALL = 1.7, is the conversion factor for the ring.
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Next we convert from AFE to AAS,. For this purpose we plot by the green line in
the inset of Fig. 2.6 the vector potential generated by our coil at Rpy, as a function

of z, AT%(z). The function

Afo(2) _ —2A75 (2 + Azpr) + 4A7H (2) — 2475 (2 — Azpy) (2.15)
Ajd: Ajd(0) '

is also plotted in the inset by the blue line. The difference between the maximum

and minimum of this function is the conversion factor for the inner-coil. We find
numerically that AA%, /AL = 0.47. Thus
AN S AgL

L =362 (2.16)
AVie Al

In Fig. 2.8 we see that when the penetration depth is very short, ALF/ANE =
—0.17. Multiplying the absolute value of this number by 3.62 we expect a satu-
ration value of AVZ* /AVZ* = 0.615. The measured value, however, is 0.816
as seen in the inset of Fig. 2.3. To resolve this issue, we extract the G factor
experimentally from the data by dividing the measured voltages ratios by the the
numerical saturation value. For the presented data of LSCO x=0.12 this yields

G =148.

We now extract the penetration depth from the data in the inset of Fig. 2.3 using
the conversion factor, and the PDE solution presented in Fig. 2.8. The extracted
A versus temperature is depicted in Fig. 2.9. Clearly we can determine A as long
as 2.5 £+ 0.044 mm. The shortest A we can pinpoint is 0.1 & 0.04 mm. In order
to determine the behavior near T, = 28 K, \(T') ~ (1 —T'/T,.)~", we show a log-
log plot of the data in the inset of Fig. 2.9. Linear fit yields a critical exponent

v = 1.0 £ 0.1, whereas mean field theory predicts v = 0.5 [21].

The calculation of the critical current needs an adjustment

! = JC [A%laxm Ri”] (2.17)

weak | Are(Rpr) Rpr,
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where A**(\) stands for the maximum total vector potential in the ring evaluated
for A at the temperature at which the critical current is measured. Similarly, the

coherence length is given by

¢0 é.wealc
_ _ 2.18)
max Amax ()\) Rin (
27r\/§AT ()\> AIZ(RPL) Rpr

§

For example, using this strong stiffness approach we find that at 7' = 27.0 K (/. =
0.75mA), A = 0.1 mm, J_,, = 50 Acm ™2 and Eyear, = 29.3 nm, AR**(N)/A;c(Rpr)

eak —

4.5, J¢ =173 Acm~2, and £ = 83 nm.

We present £(7T') in Fig. 2.9, while log-log plot is presented in the inset. We linearly
fit the data and get critical exponent of 1.43 4 0.06, whereas Mean Field theory

predicts v = 0.5 [21].

2.4 Conclusions

We demonstrated that the Stiffnessometer can measure penetration depth two
orders of magnitude longer, or stiffness four orders of magnitude smaller than ever
before. This allows us to perform measurement closer to 7T, and explore the nature
of the superconducting phase transition, or determine the stiffness at low 7" in cases
where it is naturally very weak. The Stiffnessometer also allows measurements of
very small critical current or long coherence lengths, properties which again are
useful close to T.. The measurements are done in zero magnetic field with no

leads, thus avoiding demagnetization, vortices, and out-of-equilibrium issues.
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The Nature of the Phase
Transition in the Cuprates as

Revealed by the Stiffnessometer

The Stiffnessometer, as expalained in Chapter 2, gives an oportunity to measure
stiffness close to Tc, and to gain new insight with respect to the superconducting
phase transition. In this chapter, we utilize this new tool to examine the phase
transition in LSCO, and the possibility for bulk 2D SC. We start by recapitulat-
ing the Stiffnessometer method, but here we generalize the London equation and
represent the stiffness as a tensor. This, as will be shown, will allow to measure
both inplane and out ot plane stiffness. We will then show and discuss the results,

and compare them to measurements of Low Energy puSR.

46
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FIGURE 3.1: Stiffnessometer (a) An illustration of the Stiffnessometer op-
eration principal and a photo of typical ring and coil with 2400 windings. A
long coil is threaded through a ring and they both move with respect to a
Gradiometer which is connected to a SQUID. The SQUID measures the flux
through the Gradiometer and hence the average vector potential on it <A9>.
(b) Temperature dependence of an LSCO z = 0.125 c-ring signal as measured
by the Stiffnessometer with I = 1 mA in the inner-coil. The data presented are
after subtraction of the coil contribution, AVg(z), as explained in the text and
in Ref. [29]. The inset shows raw Stiffnessometer data for a temperature above
and below T,. The difference is due to the ring contribution. (c¢) The currents
streamlines in the ring at midheight (z = 0) derived from the solution of Eq. 3.2
for the a-ring with A, = 145 pm and Ay, = 13.9 pm. The false colors show the
current intensity. Naturally the flow is not isotropic. Vortices develop on both
sides of the x axis.

3.1 Stiffnessometer

The Stiffnessometer is based on the fact that outside an infinitely long coil, the
magnetic field is zero while the vector potential A is finite. When such a coil
is threaded through a superconducting ring, the vector potential leads to super-
current density J according to the London equation J = —p, A, where p, is the
stiffness tensor. This current flows around the ring and generates a magnetic mo-
ment. We detect this moment by moving the ring and the inner-coil (IC) rigidly
relative to a Gradiometer, which is a set of pickup loops wound clockwise and
anticlockwise. The Gradiometer is placed in the center of a bigger coil which is
used to cancel stray field on the sample. The experimental set-up, our coil and
ring are presented in Fig. 3.1(a). The voltage generated in the Gradiometer by the

inner coil and the sample movement is measured by a SQUID magnetometer. The
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measurements are done in zero gauge-field cooling procedure, namely, the ring is
cooled to a temperature below 7., and only then the current in the inner coil is
turned on. It is the change in magnetic flux inside the inner coil which creates an

electric field in the ring, and sets persistent currents in motion.

To examine the orientation dependent response of LSCO to different directions of
A we cut two types of rings from a single crystal rod: “c-ring” where the crystal-
lographic ¢ direction is parallel to the ring symmetry axis, i.e. the supercurrent
flows in the CuOs planes, and “a-ring” where the crystallographic a direction is
parallel to the ring symmetry axis, i.e. the supercurrent travels both in the planes
and between them. The rings, shown in Fig. 3.2(a), have inner radius of 0.5 mm,

outer radius of 1.5 mm and 1 mm height.

The inset of Fig. 3.1(b) presents raw Stiffnessometer data of c-ring taken with inner
coil current of 1 mA. The vertical axis is the measured voltage by the SQUID.
The horizontal axis is the position z of the ring relative to the center of the
Gradiometer. The red data points are measured above T, and represent the signal
generated by the inner coil alone. The blue points are measured below T, and
correspond to the inner coil and the ring. The difference between them, AVg(z),
is the signal from the ring itself. This signal is shown in Fig. 3.1(b) for different
temperatures. Between 4.5 K and 27 K there is hardly any change in the signal,
because the Stiffnessometer is not sensitive to short penetration depth compared
to the sample size. However, above 28 K the signal drops dramatically fast with

increasing temperature.

We define the peak-to-peak voltage of the rings and the inner coil, AVZ** and
AV respectively, as shown in Fig. 3.1(b). Their ratio holds the information
about the stiffness, as we explain shortly. Figure 3.2(a) presents AV} of both

rings. These voltages are normalized by their maximal value for comparison pur-

poses. We detect two different stiffness transition temperatures, 7% = 30.1 K for
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FIGURE 3.2: LSCO x = 0.125 stiffness. (a) Comparison between a- and c-
ring, which are demonstrated in the figure, as measured by the Stiffnessometer.
The signal is normalized by the maximum measured ring voltage. Different
transition temperatures are observed for the two kind of rings with 0.7 K dif-
ference between them. The transition does not depend on the applied current
in the inner coil up to 1 mA. (b) Semi-log plot of )\;bQ as measured by LE-uSR
(purple solid triangles) and Stiffnessometer (blue solid spheres). Black dashed
line represents the sensitivity limit of LE-uSR. Black solid line is a fit to a phe-
nomenological function described in the text. Dashed blue lines represent the
KTB line for layer widths d = 1.3 nm and d = 10 nm. Green solid spheres repre-
sent the penetration depth of an a-ring from the Stiffnessometer, analyzed as if
the ring is isotropic with A.¢y which is some combination of Ay, and A.. Orange
open symbols show \. obtained at the temperature range where their ratio is
manageable numerically for analysis. The inset is a zoom in on temperatures
close to the transitions.



Chapter 3. LSCO phase transition 50

the c-ring, and a lower one T¢ = 29.4 K for the a-ring. We also examine the
influence of the inner coil current on the transition. Data corresponding to three
different currents are shown in the figure. Below 1 mA there is no change in the

transition, which otherwise widens and appears at slightly lower temperature.

The Stiffnessometer data reveal a new phenomenon. There is a temperature range
with finite 2D stiffness in the planes, although supercurrent cannot flow between
them. In other words, upon cooling, the SC phase transition starts by establishing
a global 2D stiffness, and only at lower temperature a true 3D superconductivity

is formed.

3.1.1 Stiffnessometer Data Analysis

To analyze the data, we relate the measured voltage to the vector potential. Since
SQUID measures flux, and the vector potential on the Gradiometer is proportional

to the flux threading it, the ratio of the peak-to-peak voltages satisfies

AVE G<A§’%(RPL)>
AVyer Ajc(Rpr)

(3.1)

where A% and AY, are the rings and inner coil vector potential components in
the azimuthal direction @ respectively, Rpy, is the Gradiometer radius, () stands
for averaging over the pickup loops, and G is a geometrical factor determined

experimentally (see Supplementary Information).

In order to extract p, from the voltages ratio of Eq. 3.1 we must determine the
dependence of Ag(Rpr) on the stiffness. This is done by numerically solving the

combined Maxwell’s and London’s equation

Do A
V xVxAp=7, (AR + ie) (3.2)
2rr
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where ®;¢ is the flux through the inner-coil, and p, is finite only inside the ring.
For c-ring p, is merely a scalar and equals )\;f. For a-ring, it is diagonal in

Cartesian coordinates, with p,, = A\_? and py, = p,. = )\;,f.

We solve Eq. 3.2 numerically for our rings geometry and various A, and A, with
FreeFEM++ [30] and Comsol 5.3a. The c-ring solution, which is sensitive to Ay
only, is discussed in Chapter 2. Using Eq. 3.1, the numerical solution, and the
data in Fig. 3.1(b) we extract 1/A2,, and plot it in Fig. 3.2(b) on a semi-log scale

ab’

(blue solid spheres).

In order to extract \. we have to know \,, at the temperatures of interest. As can
be seen from Fig. 3.2(a) the c-ring Stiffnessometer measurements are in saturation
just when a-ring stiffness becomes relevant. Therefore, we applied LE-uSR to the

same samples.

3.2 LE-uSR

In LE-uSR spin polarized muons are injected into a sample. By controlling the
muons energy F between 3 to 25 keV, the muons stop with high probability at some
chosen depth inside the sample while keeping their polarization intact. When an
external magnetic field is applied, the muon spin rotates at the Larmor frequency
corresponding to the field. Since the magnetic field decays in the sample on a
length scale determined by A, the frequency becomes smaller as the muons stop

deeper in the sample.

For our LE-uSR measurements, the sample is a mosaic of plates cut in the ac
crystallographic plane from the same LSCO x = 0.125 crystal used for the Stiff-
nessometer. Each plate was mechanically polished to a roughness of few tens of

nanometers. The plates were glued to a Nickel coated plate using silver paste



Chapter 3. LSCO phase transition 52

(see Fig. 3.6 inset). We cooled the sample to 5 K in zero magnetic field. Then a
transverse magnetic field was applied along the a or ¢ directions, and we warmed

to the desired temperature.

There are two methods by which one can extract the penetration depth. The
simple method is to fit each data set (at each temperature and energy) to A(t) =
Agexp(—t/T5) cos(wt). From this fit one can extract asymmetry, relaxation, and
the average internal field as a function of average implantation depth and temper-

ature.

Figure 3.3 summarizes the internal magnetic field as a function of implantation
energy for different temperatures and field orientations. The field here is calculated
by B = w/2my, where w is the angular frequency of the muon polarization and
v is the gyromagnetic ratio. Noticeably, close to the surface and at low T, the
magnetic field does not change with increasing implantation depth for H || c.
Only for energies above 5 keV does a linear trend of decay appears. This 10 to 20

nanometers of “dead layer” could be a byproduct of the polishing process.

Figure 3.4 depicts the temperature dependence of the individual fit parameters
for the highest implantation energy. The magnetic field (panel (a))seems to be-
have erratically close to the phase transition into the superconducting state. We
attribute this behavior to demagnetization factor and mutual coupling between
different pieces of the sample. The asymmetry (panel (b)) decreases upon cooling
since LSCO x=0.125 is known to have a magnetic phase concomitant with the
superconducting one [31-33]. The muon spin relaxation (panel (c)) has a peak at

the critical temperature, which is also unusual.

The presence of magnetism could be detrimental to our analysis if it depends on
depth. To verify that this is not the case, we perform zero field (ZF) measurements

for different implantation energies at 7" = 5 K well below T, and for T' = 30 K
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FIGURE 3.3: Magnetic field as a function of implantation energy. Closed
symbols are H || ¢ and open symbols are H || a. Straight lines are guides to
the eye. The magnetic field below E = 5 keV does not fit the linear trend of
the field decay, indicating a dead layer of about 10 to 20 nanometers, possibly
caused by the polishing treatment.
above T.. The results are presented in Fig. 3.5. Fast relaxation and reduction
of the asymmetry are observed at low temperature due to local random fields

originating from the magnetic stripes in the sample. Nevertheless, there is no

change in the magnetic relaxation with implantation depth.

The more sophisticated analysis method, which we use rather than the simple one,
takes into account the stopping depth probability of the muons. The stopping pro-
file p(z, E'), where z is stopping depth, is simulated by the TRIM.SP Monte Carlo
code [34]. Figure 3.6 presents the LSCO stopping profiles for different implantation

energies. For each energy, we fit the function
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FIGURE 3.4: Temperature dependance of LE-ySR parameters. The

measurement was done at constant energy of 24 keV. The magnetic field (a)

displays peculiar behavior near T.. Its magnitude below T, is larger than that

of the normal state. The asymmetry (b) is constant until 20K, where it starts

to drop due to magnetic freezing. The magnetism is also exhibited in an uprise
of the decay rate (c) at low temperatures.
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FI1GURE 3.5: Depth independent magnetism in LSCO x=0.125. Asym-

metry vs. time at T' = 5 K (close symbols) and T' = 30 K (open symbols) for

different implantation energies. The signal does not change as a function of en-

ergy at low temperatures, justifying a depth independent relaxation component
(see main text).

po(zo — z)?
exp|(zo —z) /€] — 1

to this profile. Here x is some cut-off position the muon cannot cross and is energy

p(z, E) = H(zog— ). (3.3)

dependent, H(zo — x) is Heaviside’s function, and £ and py are energy dependent

free parameters. The energy dependence of the fit parameters is
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po(E) = exp [—6.4 — 0.8In E — 0.18(In E)?]
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FIGURE 3.6: Muon stopping profiles. The probability distribution of a

muon to stop at some depth z inside the sample for different implantation

energies. The inset shows the LSCO x = 0.125 single crystal samples used in

the experiment. All the pieces were polished to roughness of several nanometers.

The crystallographic axes a and ¢ are in the plane of the samples, and shown
in the picture.

We assume an exponential decay of the magnetic field along the direction perpen-
dicular to the sample surface, z, resulting from the Meissner effect. In this case,

the asymmetry is given by
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A(Et) = Aoe_t/“/ p(x, E) cos (yBye */*t) du, (3.4)
0
where 1/u represents contributions to the relaxation from depth independent pro-

cesses and By is the mangetic induction outside of the sample and parallel to its

surface.

Figure 3.7 presents asymmetry data for both magnetic field orientations and differ-
ent implantation energies. Panels (a) and (b) show data for H || ¢ at two different
temperatures, and panel (c) depicts data for H || a. The data sets are shifted
vertically for clarity. We limit the presentation to temperatures above 10 K, since
below it strong relaxation due to spin density wave order obscures the oscillatory

signal.

For each temperature, we fit all data sets with energy larger than 5 keV due to the
presence of a dead layer, using Eq. 3.4. In the fit A is a free parameter, and \, u
and By are shared. Aj is free because the number of muons actually penetrating the
sample varies with energy. u represents relaxation processes that are implantation
depth independent such as magnetism or field variations perpendicular to x. These
are taken into account as some Lorentzian probability distribution of the total
internal magnetic field with FWHM of 2/u. A and By are naturally common to

each temperature.

At T =20 K H || ¢, we observe a clear frequency shift as a function of implantation
energy, indicating a Meissner state. However, for 7" = 30 K, where the Stiffnes-
someter clearly shows py, > 0, we could not detect any change in frequency, even
though we used high statistics data acquisition of 24 million muons for £ = 23keV
and 8 million for the rest. This can be explained from the fact that the penetra-

tion depth here is much longer than the muon stopping length scale of the order



Chapter 3. LSCO phase transition 58

AT
P,

Time (usec)

FicURrE 3.7: LE-uSR spectra. Asymmetry as a function of time for different
muon implantation energies for: (a) H || ¢, H = 26.7 Oe, T' = 20 K, (b)
H || ¢ H=2670e, T =30K, (c) H| a H = 263 Oe, T = 11 K. A
clear frequency shift as a function of implantation energy is observed in (a).
In the (b) conditions, the Stiffnessometer clearly detects stiffness in the ab
plane [Fig. 3.2(a)], while no frequency shift is observed by LE-uSR within our
sensitivity. For H || & (c¢) there is no frequency shift at all temperatures.
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of hundred nanometer. When H || & we did not observe any frequency shift at all

temperatures, even though the sample is in the Meissner state.

We fit Eq. 3.4 to our LE-uSR data and extract A\,. We add the results to
Fig. 3.2(b). There is a gap between the available data from the two techniques be-
cause the longest penetration depth that LE-uSR can measure, represented by the
horizontal dashed line in the figure, is much smaller than the shortest A for which
the Stiffnessometer is sensitive to. The function \,? = Cy exp [Cl / <1 +C3(1-T/ Tc)é)]
is fitted to the combined data and serves for interpolation. Since at T"= 10 K we
could only measure Ay, and not A., we deduce an anisotropy A.(0)/Ag(0) > 10, as

was observed in pSR, optical, and surface impedance measurements [23, 35, 36].

3.3 Results

We are now in position to extract . from Eq. 3.1, Eq. 3.2 and the Stiffnessometer
a-ring data in Fig. 3.2(a). In this case, two coupled partial differential equations

must be solved, where A, is determined from the c-ring interpolation.

The gauge choices are as follows: Inside the ring, applying divergence to Eq. 3.2
yields the gauge V- (p,Asor) = 0, where Ay = Ar+Ajc. This gauge also enforces
the continuity equation for the current density J = p,A;,:. Outside the ring we
apply the Coulomb gauge V - A;,; = 0, which is also used to determine Ajc and
A, in the isotropic case. The boundary conditions are A(oco) = 0. In practice,
infinity is understood as the domain surface, and the domain is taken to be large
enough so that finite-domain effects are negligible. The domain of the problem is
defined as a cylinder with height 100 times that of the ring, i.e. 7.7Rp; and outer
radius 100 times that of the ring, i.e. 11.5Rpy. Since no current can cross the
ring surface, we demand J (r;;,) = J 1 (rour) = 0 where L stands for the direction

perpendicular to the surface, and 7;, (74, ) is the inner (outer) radius of the ring.
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Finally, from the absence of a surface field, we demand AA | (r;,) = AA|(rou) = 0,
where AA | stands for the difference between the vector potential parallel to the

surface inside the ring and outside of it.

Figure 3.8 shows the numerical results of the vector potentials ratio that appears
in Eq. 3.1 as a function of (a) (R/A\g)? and (b) (R/\.)? for Ay = 13.9 um at
T = 29.16 K. In our analysis, )\, is extracted from the c-ring data in the isotropic

case. Then, for each temperature, the corresponding A, is used to generate the

result in panel (b), and combining with the a-ring data A. is extracted.
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FIGURE 3.8: Extracting the stiffness. Numerical results of the vector po-
tentials ratio as appears in Eq. 3.1 as a function of (a) (R/)\.)? and (b) (R/\:)?
for Agp = 13.9 um at T = 29.16 K.

Figure 3.9 presents the numeric solution of the ring vector potential Ar at z =0
plane (midheight of the ring), calculated for LSCO x=0.125 a-ring at 7" = 29.16 K
with Ay = 13.9 um, extracted from the extrapolation function presented in the
main text, and A\, = 145 pum. Panel (a) shows the azimuthal part of A, whereas

panel (b) the radial one.

Figure 3.10 shows the absolute value of the current density J inside the rings for
two cuts at fixed angeles: (a) xz plane, (b) yz plane. At the xz plane, the current
concentrates at a very thin layer close to the ring inner rim, while in the yz plane
the current penetrates further into the bulk. This corresponds, of course, to the

large difference in the penetration depth in the two directions.



Chapter 3. LSCO phase transition 61

y (mm)
y (mm)
Ar / A]C (RPL)

&

-1.5 -1 -0.5 0 0.5 1 15 -
x (mm) X (mm)

FIGURE 3.9: Vector potential for LSCO x=0.125 a-ring. Numeric so-
lution of the radial (a) and azimuthal (b) components of the vector potential
inside the ring at z=0 for Ay, = 13.9 um and A, = 145 um
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FIGURE 3.10: Current density simulation inside LSCO x=0.125 a-ring.
False color map of the current density distribution in a ring with A\, = 13.9 um
and A\. = 145 pm in the (a) xz plane and (b) yz plane. Most of the current
concentrates on the inner rim.
Finally, Fig. 3.11 shows the magnetic field generated by the ring as calculated

from the curl of Ar. The penetration pattern of the field is of an ellipse due to

the penetration depths anisotropy.

Currently, we manage to extract A, for only few temperatures close to 7%, where
the anisotropy ratio is not too big and numerically solvable. These values of \.

are presented as orange open symbols in Fig. 3.2(b). The SC currents in the ring
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F1GurE 3.11: Magnetic field False color map of the magentic field z compo-
nent inside the a-ring and its vicinity for Ay = 13.9 um and A, = 145 um
at z=0 emerging from the numerical solution for 7" = 29.16 K are depicted in

Fig. 3.1(c) by combined contour and quiver plots.

For all a-ring Stiffnessometer data we also applied the c-ring stiffness extraction
method ignoring the anisotropy. By doing so we determine an effective stiffness
)\;fo, which is some combination of A\,;> and A2. These values are presented as
green solid spheres in Fig. 3.2(b). A_7 is larger than A_? but shows the same trend

and indicates two transition temperatures.

3.4 Discussion

The observation of two transition temperatures is awkward; a material should have

only one SC critical temperature. One possible speculation for this result is a finite
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size effect, namely, if the rings could be made bigger the difference between the
two transition temperatures would diminish. This, however, cannot be the case
since the sample size is taken into account when extracting the stiffness. Bigger
samples should lead to the same \ values. A more plausible explanation is that the
phase transition starts in the form of wide superconducting filaments [37] or finite
width sheets [17] in the planes, but disconnected in the third direction. Whether
this is the case, or our result indicates a new type of phase transitions, requires

further and more local experiments.

The two transition temperatures suggest that there is a temperature range in
which the system behaves purely as 2D. Therefore, we examine whether /\;b2 follows
the KTB behavior. At the KTB transition, the stiffness should undergo a sharp
increase (a “jump”) at a temperature Txrp that satisfies A2 = YTkrp, where
v o= % and d is the layer thickness [38]. We plot the line A™2 = ~T in
Fig. 3.2(b) for thickness d = 1.3 nm of one unit cell (u.c.) and for d = 10 nm
of about 8 u.c., both in cyan dashed lines. Clearly, the KTB line for thickness of
one u.c. does not intersect /\;b2 where it exhibits a jump. The line for d = 10 nm,
however, does seem to intersect at the beginning of a jump. Thus, for the transition

to be of the KTB nature, an effective layer of about 8 unit cells and more is needed.

In summary, using new magnetic-field-free superconducting stiffness tensor mea-
surements, which are sensitive to unprecedented long penetration depths, on the
order of millimeters, and which are not affected by demagnetization factors or
vortices, we shed new light on the SC phase transition in LSCO = = 1/8. In
this compound, there is a temperature interval of 0.7 K where SC current can
flow in the CuO, planes but not between them. When stiffness develops in both

directions, the ratio of penetration depths obeys \./A. > 10.
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3.5 Supplementary Information

Materials

The LSCO single crystals were grown using Traveling Solvent Floating Zone fur-

nace, annealed in Argon environment at T = 850 C for 120 hours to release

internal stress, and oriented by Laue x-ray diffraction. Stiffnessometer samples

were cut into a shape of rings using pulsed Laser ablation, after which the rings

were annealed again. LE-uSR samples were mechanically polished using diamond

paste. They were treated eventually with 20 nm alumina suspension. The resulting

roughness of few tens of nanometers was determined by Atomic Force Microscope

(AFM). A typical AFM data is presented in Fig. 3.12.
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FIGURE 3.12: Sample surface roughness. AFM image of one polished LSCO

x=0.125 plate treated with 20 nm Alumina suspension. Height profiles along

two lines are presented, demonstrating fairly smooth surface.

Stiffnessometer

The Stiffnessometer is an add-on to a Cryogenic SQUID magnetometer.

The

components of the experiment shown in Fig. 3.1 in the main text are as follows:
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The inner coil is 60 mm long with a 0.05 mm diameter wire and two layers of
windings. It is wound on top of a 0.54 mm diameter polyamide tube. The outer
diameter of the coil is 0.74 mm, and it has 40 turns per millimeter. The second
order Gradiometer is 14 mm high, with inner diameter 25.9 mm, outer diameter
26.3 mm, and made from 0.2 mm diameter wire. We take Rp;, = 13£0.15 mm. The
Gradiometer is constructed from three groups of windings distanced 7 mm apart
from each other. The upper and lower ones have two loops wound clockwise, while
the center windings have four loops wound anticlockwise. Numeric evaluation of
the G factor in Eq. 3.1 using the Gradiometer dimensions gives a reasonable result.
However, the G factor used here is extracted experimentally. As shown in Fig. 3.2
in the main text, the signal from the rings AV} saturates at T' < T,. It happens
when the penetration depth is much smaller than the ring dimensions. The ratio
between the voltages saturation value to the vector potentials ratio calculated

numerically gives G.



Chapter 4

Opening a Nodal GGap by
Fluctuating Spin-Density-Wave in

Lightly Doped Las_,Sr,CuQOy

This chapter describes a different work we performed to investigate whether the
spin or charge degrees of freedom were responsible for the nodal gap in underdoped

cuprates. It is based on our paper published in Physicsl Review B journal [39].

4.1 Introduction

There are several indications by now from angle-resolved photoemission spec-
troscopy (ARPES) that in underdoped cuprates a gap opens at the Fermi surface
in the diagonal (nodal) direction [40-44]. In Lay_,Sr,CuO, (LSCO) this nodal
gap (NG) extends to z = 8%. At doping around x = 12.5% samples develop a
charge-density-wave (CDW) below T ~ 100 K [45]. Traces of antiferromagnetism

(AFM) in the form of spin-density-waves (SDW) [46] or spin-glass [47]| appear at

66
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doping up to x = 12.5% and temperatures T" ~ 10 K. It is therefore natural to
speculate that one of these symmetry breaking phenomena is responsible for the
opening of a nodal gap. In this work, we would like to clarify which one is the
most likely. Our strategy is to carefully examine a sample which is known to have,
at least, both AFM and SDW order, and opens a nodal gap at low temperatures.

The sample is LSCO with z = 1.92% [40].

Previous neutron diffraction measurements on LSCO z = 1.92% [40] showed a
magnetic Bragg peak at the AFM wave vector Q4 below T = 140 K, and two
satellites that stand for static SDW order (on top of the AFM one). The satellites
appear below T' = 30 K. Like in Matsuda et al.  [46], there are two domains
in the sample. We focus on one of them, in which the AFM peak is observed
when scanning near (1,0,0), with no contribution from SDW. In contrast, the
SDW peaks are observed when scanning near (0,1,0), with no contribution from
the AFM peak. Neutron scattering detects the component of spin fluctuations
perpendicular to the momentum transfer q [48]. Hence, the SDW fluctuations
are perpendicular to the AFM order. ARPES measurements on the same sample
found that a nodal gap opens below Tyg = 45 K [40]. Even though there is a
temperature mismatch between the NG and SDW appearance, the two phenomena
might be related. Moreover, CDW in LSCO x = 1.92% is expected to be very
weak [49], and indeed this sample is out of the CDW dome [45, 50]. Therefore, a

priori, CDW is not expected to generate the nodal gap.

Here we add to the available ARPES and neutron diffraction data, inelastic neu-
tron scattering (INS) and x-ray diffraction data on the same piece of LSCO
x = 1.92%. We show that the fluctuating SDW amplitude of the frequency where
it is the strongest, decreases at a temperature equal to Tyg within experimental

error. In addition, we could not find any indications for CDW in our sample. We



Chapter 4. Nodal Gap from Fluctuating SDW 68

argue that these findings explain the previously measured 15 K discrepancy be-

tween the SDW freezing and the opening of a NG, and tie the latter to fluctuating

SDW.
T=50K T=2K
25

~ ? §
% g
g

S 15 @A
N2 §
S 5]
<< 1 vno
S

092 094 096 098 1 102 1.04 1.06 1.08 092 094 096 098 1 102 104 106 1.08
q=(0,1+5¢,0) (rlu) q=(0,140¢,0) (rlu)

FIGURE 4.1: SDW dispersion. False color map of normalized intensity as a
function of neutron energy transfer iw and momentum transfer q at 7'= 50 K
(a) and T'= 2 K (b). The raw data is interpolated. The black horizontal line
in panel (b) demonstrates a constant energy cut along which the intensity is
integrated and plotted in Fig. 4.3. Dashed white lines in panel (b) represent
cuts along which the background is determined. The black symbols indicate
the center of the iw = 0 and 2 meV peaks demonstrated in Fig. 4.2, and make
the bottom part of an hourglass. At the right peak of hw = 2 meV we had 50
counts per 2 million at the monitor.

4.2 Results

The neutron experiment was performed at Rita-II, the cold neutrons triple axis
spectrometer at the Paul Scherrer Institut. Throughout this paper, we work in
orthorhombic notation, with cell parameters a = 5.344 A, b = 5.421 A and ¢ =
13.14 A at T = 2 K. In this notation, the tetragonal 2D Q,, = (1/2,1/2,0) is
equivalent to (0,1,0) in reciprocal lattice units (r.l.u) of 27/a. More information

is available in the Methods section. In Fig. 4.1 we present a false color map of
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neutron counts versus energy transfer iw and momentum transfer q. The raw data,
in this figure alone, is interpolated for presentation purpose. Data is presented
at two temperatures, 2 K and 50 K, which are below and above the freezing
temperature of the incommensurate magnetic order of 30 K [40]. In both cases,
strong intensity is observed at Aw = 0. This is due to high order contamination
of the incoming beam scattering from a nuclear Bragg peak at (0,2,0), despite
the use of Br filter. Around (0, 1,0), the intensity extends to energy transfers as
high as 8 meV for both temperatures, in a cone shape, which is in fact a poorly-
resolved bottom part of an hourglass. This will be demonstrated subsequently.
The scattering intensity is stronger at elevated temperatures. Interestingly, at
T = 2 K spectral weight is missing at low energies, suggesting the presence of a soft
gap for spin excitations. A similar spectrum, including the gap, was observed at the
fully developed hourglass dispersion of Laj gr5Bag105CuOy [51], Lag ggSrg.10CuOy

[52, 53], and Lay 4519 4Co0y4 [54], and also at LagCuOy4 [55].

g-scans at specific constant energies at T' = 2 K are presented in Fig. 4.2, showing
the evolution of the SDW peaks with energy transfer. The intensities are shifted
vertically for clarity. At hw = 0.6 meV, some intensity is detected around (0,1, 0)
above the background. However, this could stem from the tail of the high order

contamination. At fiw = 2 meV two clear peaks appear

For fitting, the instrument was modeled using Popovici ResCal5 [56], and the reso-
lution was calculated. Black horizontal lines in Fig. 4.2 represent the g-resolution
at each energy. This was taken into account as a constant width Gaussian at
each energy, which was convoluted with a Lorentzian (Voigt function). The fit
with two Voigt functions is demonstrated in Fig. 4.2 by solid lines. The fit to the
hw = 2 meV data indicates a peak separation of 0.04 r.l.u. The same separation
is found in the elastic peaks [40], as demonstrated in the inset. The peaks centers

are illustrated in Fig. 4.1(b) by the solid points. The static and dynamic SDW
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correlation lengths, determined from the peaks width, are 85+ 12 A and 4445 A
respectively. With increasing energy to 4 meV and then to 6 meV, the two peaks
are no longer resolved. However, the measured peak is asymmetric because of the
two underlying incommensurate peaks coming closer together. At 8 meV the in-
tensity diminishes. This behavior reminds two “legs” dispersing downwards from

some crossing energy as in the hourglass.

To further investigate the inelastic behavior, we sum the intensity over q at con-
stant energy cuts. The horizontal line in Fig. 4.1(b) presents one such cut. Back-
ground contribution is estimated from the data along the dashed diagonal lines
in Fig. 4.1(b), and subtracted. Fig. 4.3 presents the background subtracted g-
integrated intensity versus energy transfer (I)(w) = >, I(q,w), starting from
hw = 0.15 meV to avoid the high intensity elastic peak. At 7" = 50 K, (I)(w)
monotonically grows as the frequency decreases. In contrast, at T =2 K, (I)(w)
reaches a maximum at some hw,,.. between 2 and 3 meV, and drops towards
hw = 0, although residual elastic scattering intensity is observed near hw = 0.
Measurements on Lay_,Ba,CuO,4 with 0.0125 < z < 0.035 which were limited to
energies below 1meV agree with our results [57]. This plot demonstrates more
clearly the aforementioned soft gap in spin excitations which develops at low tem-

peratures.

We summarize the available data on LSCO z = 1.92% in Fig. 4.4(a). In this figure
we show the temperature dependence of the g-integrated scattering intensity at
three different energies. The data at fiw = 0 is taken from Ref. [40] and multiplied
by 2 x 1073 for clarity. It shows that a long range static SDW appears at a
temperature of 30 K. The intensity at ~iw = 0.6 meV increases as the temperature
is lowered, peaks at 38 K, and then decreases. This result demonstrates that

dynamically fluctuating SDW at Aw > 0 diminishes upon cooling before long
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FIGURE 4.2: Evolution of the SDW peaks with energy at T = 2 K.
Momentum scan along k centered at (0,1,0) for different energy transfers at
T = 2 K. Scans are shifted consecutively by 2.5x 107> counts/monitor for clarity.
Inset: SDW elastic peaks for the same q scan also at T' = 2 K. Background from
higher temperature was subtracted. For energies of hw = 0 and 2 meV, a sum of
two Voigt functions is fitted to the data (solid black lines). The peak separation
for hw = 2 meV is 0.04 r.l.u, as in the hw = 0 case (see inset). Black horizontal
lines represents the instrumental resolution.
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FIGURE 4.3: g-integrated intensity vs. neutron energy transfer at low

(2 K) and high (50 K) temperatures. Integrated intensity is calculated for

each energy as sum of the counts over q along horizontal lines like the one shown

in Fig. 4.1. Background is estimated from the counts along the two dashed lines
shown in Fig. 4.1(a) and subtracted from the raw data.

range static incommensurate order develops. The same effect, although less sharp,

is observed for hw = 2 meV at 45 K.

Figure 4.4(b) depicts the temperature dependence of the nodal gap from Ref. [40]
as measured by ARPES. This gap opens at Tyg = 45 K, which is the same temper-
ature where the spectral density at hw,,.. begins to diminish. The maximum elec-
tronic gap value A agrees with isolated dopant-hole bound state calculations [58].
We note that hw,,.. and kgTng are of the same order of magnitude. Our result
indicates a strong link between the dynamically fluctuating SDW and the nodal

gap.

In order to investigate whether CDW plays a role in the nodal gap [59], we con-

ducted a search for CDW in this sample by two different methods: off resonance
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FIGURE 4.4: Temperature dependence of all experimental parameters.
(a) Elastic and inelastic incommensurate SDW intensities at different energies
from neutron scattering. (b) ARPES measurement of the nodal gap at kr [40].
The dashed vertical line emphasizes the fact that the nodal gap opens when the
amplitude of dynamic spin fluctuations at hiw ~ 2meV decreases.
x-ray diffraction (XRD) and resonance elastic x-ray scattering (REXS). The ex-
periments were done at PETRA III on the P09 beam-line and at BESSY on the
UE46-PGM1 beam-line, respectively. In REXS, the background subtraction is not

trivial, so we only present here our XRD data. Nonetheless, the final conclusion

from both methods is the same.

In Fig. 4.5 we show results from LSCO samples with z = 1.92%, x = 6.0%, and

Lay_,Ba,CuO, (LBCO) x = 12.5%. The data sets are shifted vertically for clarity.
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The LBCO sample is used as a test case, since it has well established CDW and
presents strong diffraction peaks. The measurements were taken at 7 K and at
70 K, which are below and above the CDW critical temperature of LBCO [60].
We performed two types of scans: a “stripes” scan along (0, dg, 8.5) direction and
a “checkerboard” scan along (dq, dq,8.5) direction. We chose to work at [ = 8.5
to minimize contribution from a Bragg peak at [ = 8 or [ = 9. For LBCO at
T =7 K, there is a clear CDW peak at dg = +0.24 in the “checkerboard” scan,
which is absent at high temperatures. In contrast, for the LSCO samples there
is no difference between the signal at high and low temperatures. Since dq of
the CDW peak depends on doping, in our sample it is expected to be close to
0q = 0, where a tail of the Bragg peak could potentially obscure the CDW peak.
Arrows in Fig. 4.5 show where we might expect the CDW peaks, should they
appear, based on linear scaling with doping. These positions are out of the g = 0
peak tail, and not obscured. Thus, although we are in experimental conditions
appropriate to find a CDW, it is not observed within our sensitivity. In fact, CDW
is even absent at higher doping as demonstrated by our experiment with LSCO
x = 6% sample. We observed the same null-result with the REXS experiment. It
is important to mention that hourglass excitations with no stripe-like CDW were

observed previously [54].

Our main results are as follows: we find the bottom part of an hourglass dispersion
inside the AFM phase of LSCO. The hourglass does not start from zero energy,
but has a soft gap from the static SDW order. A CDW order seems to be absent in
our sample. Upon cooling the system, a nodal gap in electronic excitations opens
just when the strongest spin excitations start to diminish. It is therefore sufficient
for the SDW fluctuations to slow down without completely freezing out in order

to modify the band structure.
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FIGURE 4.5: Hard x-ray diffraction on three different samples: LSCO

with z = 1.92% and x = 6%, and LBCO z = 12.5%. Scans are done in two

different orientations and two different temperatures. CDW is detected only in
LBCO.

4.3 Methods

For the Neutron scattering experiment, the sample was mounted on aluminum
holder covered with Cd foils, and oriented in the (h,k,0) scattering plane. A Be
filter was used to minimize contamination from high order monochromator Bragg
reflections. The scattered neutrons are recorded with a nine bladed graphite ana-
lyzer. All the blades are set to scatter neutrons at the same final energy of 5 meV,
and direct the scattered neutrons through an adjustable radial collimator to differ-
ent predefined areas on a position sensitive detector [61, 62]. This monochromatic
q dispersive mode allows for an efficient mapping of magnetic excitations with an

excellent q resolution.
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Two types of scans were used: I) energy scan, in which the incoming neutrons
energy is swept, and the q information is embedded in the position of each blade.
IT) momentum scan, in which the incoming neutrons energy is fixed, the nine blades
cover a small window in q, and the entire window is scanned. The contribution to

a given q is a weighted sum from the different blades.

Despite the Be filter, some contribution from the nuclear structure is unavoidable.
For elastic scattering, this contribution survives to higher temperature than does
the magnetic part, and therefore can be easily subtracted. For inelastic scattering,
the contribution from phonons could not be subtracted, but it is expected to vary
slowly with temperature close to the magnetic phase transitions. Therefore, all
features in this scattering experiment which show abrupt temperature dependence

around and below 7" = 50 K are associated with the electronic (magnetic) system.



Chapter 5

Conclusions

We demonstrated that the Stiffnessometer can measure penetration depth two
orders of magnitude longer, or stiffness four orders of magnitude smaller, than ever
before. This allows us to perform measurements closer to T, and explore the nature
of the superconducting phase transition, or determine the stiffness at low 7" in cases
where it is naturally very weak. The Stiffnessometer also allows measurements of
very small critical current or long coherence lengths. The measurements are done
in zero magnetic field with no leads, thus avoiding demagnetization, vortices, and

out-of-equilibrium issues.

Using this new magnetic-field-free superconducting stiffness technique, we shed
new light on the SC phase transition in LSCO = = 1/8. In this compound, there
is a temperature interval of 0.7 K where SC current can flow in the CuO, planes
but not between them. That is, in this temperature range, the in-plane stiffness
if finite while the interplane stiffness is zero. When stiffness develops in both

directions, the ratio of penetration depths obeys \./Aq > 10.

Thus, studying superconducting properties with the stiffnessometer leads to new

results. The most intruiging one is two stiffness transition temperatures in the
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same sample.

Moreover, studying the relationship between spin and charge degrees of freedom
in extrem underdoped LSCO, we found the bottom part of an hourglass dispersion
inside the AF phase. The hourglass does not start from zero energy, but has a
soft gap from the static SDW order. A CDW order seems to be absent in our
sample. Upon cooling the system, a nodal gap in electronic excitations opens just
when the strongest spin excitations start to diminish. It is therefore sufficient for
the SDW fluctuations to slow down without completely freezing out in order to

modify the band structure.



Appendix A

Vector potential of finite coil

The finite coil is treated as a collection of current loops. The radius of the loops
and the distance between them is taken from the specs of the coil itself. The radius
is taken to be at the center of the wire. For a circular loop of radius R lying in the
xy plane centered around the origin and carrying a current I, the vector potential

has only ¢ component (cylindrical coordinates), and is given by

o Ala (2 — B2 K (k) — 2B(k?)

Ay(p, z) = —
olp2) AT \/R? 4 p? 4+ 22 4+ 2Rp k?

where K, FE are the complete elliptic integrals of the first and second kind, and

2 _ 4Rp
C R2+p2+22+2Rp

(taken from [63] page 182)

Note that here for the elliptic integrals I use Matlab notation, where
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/2

1
K _ do _ dt
(m) g‘ V/1-msin®6 Of V (1—t2)(1—mt2)

w/2

1
E(m) = OfdQ\/l—msin2 zofdt 1;”;5,

whereas Jackson, for argument of m will use m? in the integrand, i.e. K Matlab(m) =

KJackson ( \/m) .

Thus, the vector potential of the coil of length L with wires of diameter d is given

by

L/2d

Acoil(p7 Z) - Z Z Aloop,R(pu Z — Jd) + Aloop,R(pa z+ jd>
R j=1

Figure A.1 presents the vector potential of a finite coil as a function of the distance
from its center, r, in mm, for different z positions. The coil is 60mm high, has
0.54mm polyamide core and two layers of windings with a 0.05mm diameter wire.
The potential drops off as 1/r like in the case of infinite coil, which appears in
the figure in blue line. The different prefactor does not affect the Stiffnessometer
PDE and its solution, as everything is normalized by A;c(Rpr), and the absolute

value of the vector potential is measured by AV,

The inset of figure A.2 shows the vector potential of the same coil at the pickup
loop position r = Rpy = 13 mm as a function of the height z. The main figure is a
zoom-in on the ring area from z = —h/2 to z = h/2. This demonstrates that the

vector potential is z-independent for that region, as expected from infinite coil.
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