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abstract

A systematic study of the Josephson plasma phenomena in high temperature supercon-
ductor BisSroCaCu,0gs was performed using microwave resonance technique.

The Josephson plasma is a new state of matter discovered in highly layered supercon-
ducting systems such as high temperature superconductors and is known to be collective
oscillations among Cooper pairs, which tunnel through the weakly coupled Josephson junc-
tion. The collective excitations are, in general, known to possess two proper modes, one
of which is longitudinal and one of which is transverse mode. In previous studies of the
Josephson plasma, however, no attention had been paid concerning these two modes. We
have succeeded in observing the Josephson plasma resonance at microwave frequency region
in BisSroCaCus0g4 and achieved to separate these modes clearly using the difference of the
dispersion relation of the modes. In practice, this was performed by making use of the sam-
ple size dependence of the two modes, which can be excited by the different configurations of
the microwave electromagnetic fields Es and H . As a result, the longitudinal Josephson
plasma mode is clearly separated in the condition of E || ¢ from the transverse mode that
is observable only in the condition of Hy || ab. This separation of two modes implies that
the Nambu-Goldstone mode, which is the Goldstone mode associated with superconducting
phase transition is observed for the first time.

The vortex state of high temperature superconductors is also fascinating subject for
investigations in relation to the Josephson plasma phenomena. Since the Josephson plasma
senses the difference of the interlayer phase coherence, the Josephson plasma resonance
techniques can provide us with a new experimental tool for studying dynamical nature of
vortex state. This is very important, since most of studies done are related with the static
properties, and therefore the Josephson plasma is a complementary experimental technique.
Introducing the general scaling law in the anisotropic superconductors, a universal picture
is given for the results of the Josephson plasma resonance as functions of external field
direction, temperature, and irradiation dose. In the vicinity of the ab plane, however, it
turned out that the general scaling law is violated gradually as the field approaches to the
ab plane. The angle where the deviation occurs from the scaling law depends on the degree
of the coupling strength determined by the effective anisotropy parameter .. Using the o
parameter, it is proposed that the vortex phases as functions of temperature and field can
be described coherently and transportantly.
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Chapter 1

Introduction

Plasma is one of the most fundamental phenomena which can exist in whatever substances
because there is no electron which does not interact with any other electrons at all. In a
solid, a contribution of the electron-electron interaction to the whole Hamiltonian provides
one of the most important factor which makes solid state physics fascinating, and the plasma
oscillation is a unique phenomenon as an elementary excitation derived from the electron-
electron interaction.

The plasma oscillation is the collective oscillation of the density of electron gas due to
the long-range Coulomb interaction. The plasma oscillation is realized without interactions
between the electrons as well as the classic plasma, (ionized gas). A plasmon, a quantum of the
plasma oscillation, is well defined in the long wavelength limit as a longitudinal excitation in a
solid, and described by a longitudinal dielectric function €{w, k), which provides not only the
dielectric response of the system but also total representation of the electron system despite
of its simplicity [1]. The plasmon energy is obtained by zeros of the dielectric function, so
that we can comprehend the nature of the electron system by investigations of the plasma
or plasmon.

Plasma in a superconductor has more exciting physical meanings. The superconducting
plasma which is the Nambu-Goldstone mode with spontaniously symmetry breaking [2,
3] resolves problem of the gauge invariance for a longitudinal electromagnetic excitations
in the BCS theory [4, 5]. Although the plasma of Cooper pairs is really important to
understand the superconductivity, the gap of the plasma mode is so large comparing to the
superconducting gap that the plasma mode cannot be observed due to damping of the quasi-
particles. Since then, it had been believed that the plasma mode of the superconducting
electrons is unobservable.

In 1990, after the discovery of high-T, superconductors, Fertig and Das Sarma pointed
out theoretically that a longitudinal plasma mode in high-T, superconductors may lie inside
the superconducting gap for their strongly layered structure [6]. Subsequently, a plasma
edge in Lay_,Sr,CuO, [7] and a magnetoabsortive phenomenon in Bi;SryCaCuyOgys [8]
were observed and interpreted as Josephson plasma phenomena due to the existence of weak
Josephson couplings in the substances [9, 10]. Therefore, the Josephson plasma is a unique
collective excitation occurring in a superconducting system, that is a Nambu-Goldstone mode
which has not been confirmed experimentally in the field of superconductivity.

In this thesis, the Josephson plasma phenomena studied in the course of graduate study

during two years is described in the following plans;

Chapter 2 The notion and the formulations of the Josephson plasma (resonance) are intro-

1




2 CHAPTER 1. INTRODUCTION

duced in detail. The description is started from the derivation of the dielectric function
of the free electron gas, and the controversy about the superconducting collective ex-
citations around BCS is dealt. Finally, we arrive at the formulation of the Josephson
plasma in highly anisotropic layered superconductors.

Chapter 3 The experimental techniques and principles are given. We employ a microwave
bridge balance circuit with a cavity resonator for the measurement. The sample prepa-

ration is also described.

Chapter 4 Mode separation of the two Josephson plasma modes (longitudinal and trans-
verse) is described on the basis of the recent theory of the Josephson plasma: Maxwell’s
equations for electricity and magnetism in cooperated with intrinsic Josephson effect
in BipSryCaCus0g,5. A particular configurations of microwave E,; and H vectors
and sample are examined and confirmed to excite the longitudinal and the transverse
Josephson plasma independently in excellent accord with the dispersion relation cal-

culated theoretically.

Chapter 5 The Josephson plasma resonance has been studied in the vortex state of
Bi,Sr,CaCus0Og. 5 as functions of temperature, field direction, and interlayer coherency
of the sample. Josephson plasma resonance is a sensitive probe of the interlayer co-
herency in the vortex state of high-T, superconductors, so we expect that the behavior
of the Josephson plasma resonance is strongly affected by introducing columnar de-
fects which enhance the interlayer coherency by pinning aligned with the ¢ axis. As
a typical case, we have studied the Josephson plasma resonance in a vortex state of
Bi,SroCaCuy Qg s with columnar defects. The results show that the strong coherent
vortex state is realized below T* =~ 80 K irrespective of irradiation doses. Above T*
close similarity in the dynamics of vortex states between dosed and pristine sample is
found. We also present data for H || ab as a function of temperature, which requires
to be accounted for by theoretical studies.
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Chapter 2

Plasma

2.1 Solid state plasmon in the context of elementary
excitations

Whenever we discuss a solid which consists of 10 atoms par cm®, the many-body problem
has to be considered. In such a situation, the rigorous solution cannot be obtained, so that
we have to introduce approximations which are reasonable for the facing problem. A picture
that a solid is regarded as a collection of independent elementary excitations is one of the
best approximation.

A requirement for the picture is that the elementary excitation has a well-defined energy.
If the elementary excitation is described by its momentum, that means the system has
translation invariance, the energy of the excitation is expressed as

gp = fp - i7pa (2.1)

where v, is the imaginary part of the energy, which is proportional to the inverse of the
lifetime of the elementary excitation. A long lifetime is necessary for existence of a well-
defined elementary excitation, thus the imaginary part should be much smaller than the real

part &,:
’ T L & (2.2)

We can approximate the basic Hamiltonian of a solid as
H = Hion + Helectron + Helectron-ion- (23)

Here H;,, denotes the Hamiltonian of a group of ions, and represents interactions by the
potential V' (R; — R;) which depends on only the distance between the ions. Hejectron denotes
the Hamiltonian of valence electrons, and dominated by Coulomb interactions between the
electrons. Finally, Helectron—ion dénotes the interactions between the electrons and the ions.
When we are interested in the interaction between electrons in a solid, only Hejectron
should be considered and the effects of ion cores are replaced with a positively charged
uniform background. In this system, the Coulomb interaction yields a collective excitation
of the electron density, that is plasma oscillation. As discussed later, the frequency of the
oscillation is given by the plasma frequency described in the long wavelength limit as

4nne?\ /2
wp:( — ) ) (2.4)

5



6 CHAPTER 2. PLASMA

where n is the electron density. The plasma oscillation directly corresponds to a oscillation of
the classical ionized gas commonly called plasma since the interaction between the particles
is indispensable for both of the plasmas. The plasma oscillation is quantized to the plasmon,
which is a sort of bosons and has a characteristic distribution function for bosons as

1

" exp[B&,] - 1 =

fo(T)

with 8 = 1/kgT.

Although the plasmon is not a perfectly well-defined elementary excitation, Eq. (2.2) is
satisfied in the long wave-length limit because the imaginary part of the energy of a plasmon
with a momentum p is proportional to (p/pr)?w,. As a result, the plasmon is not damped
and established as a certain elementally excitation.

2.2 Electromagnetic response of normal electrons

In the case that we discuss the screening effect between electrons such as the plasmon in
metals, a formalism which describe the longitudinal response of the electron gas is needed.
Thus we introduce here the dielectric function e(w, k) as the formulation of the electron gas.
Considering €(w, k), not only the dielectric response but also much more information about
the nature of the electron gas. Actually, e(w, k) is recognized the notion which unifies various
theories of the electron gas.

2.2.1 Dielectric function of materials

The dielectric constant e of the electrostatics is defined in terms of the electric field E and
the polarization P, the electric flux density (electric displacement) D as

D=FE +47P =¢E. (2.6)

This means that the dielectric constant € represents how easily the electron system is polar-
ized by applying unit electric field, and therefore it is purely material’s parameter. Table 2.1
gives a list of the dielectric constant of various substances common to us. Since the electric
polarizability of the materials depends on the microscopic dynamics of electrons constituting
of the substance, it is easily to expect that the dielectric constant should exhibit frequency
dependence in alternating electric field. The values shown in Table 2.1 are all for a low

frequency limit.

Description of metals in terms of ¢

The characters of metals are existence of mobile electrons, which respond to the applied
electric field E and shield the effect of the electric field very well at low frequency and in the
long wave length limit. The long wavelength dielectric response €(w, 0) or €(w) of an electron
gas is obtained from the equation of motion of a free electron in an electric field E:

d’z
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Material €
Al,O4 8.5
sapphire 94

diamond 5.68
polyethylene 2.2-2.4
benzene 2.28
water 80.26
Liq. He 1.048
O, (gas)  1.06055

Table 2.1: Dielectric constants for various materials. These values are all for low frequency
limit.

Provided r and F have the time dependence exp[—iwt], the polarization, defined as the
dipole moment per unit volume, is given by
2

ne
P=—nex= _WE’ (2.8)
where n is the electron concentration.
The dielectric function at frequency w is
_ Dw) _ P(w)
The dielectric function of the free electron gas follows from Eqs. (2.8) and (2.9):
4mne? w?
=1- =1--£ 2.1
fw)=1-"T0 =1-22, (210)

where plasma frequency w, is defined by the relation

4 2y 1/2
wy = ( T ) . (2.11)

It is noted that the plasma frequency depends only on the density of electron n. Equation
(2.11) is plotted in Fig. 2.1. If w < wy, the dielectric function is negative, then incident
electromagnetic wave is reflected. On the contrary, in the case of w > wy, € is positive
and electromagnetic wave is propagate without damping in the substance. For example,
plasma frequencies of metals lie in the region of ultraviolet, so that the visible light is almost
perfectly reflected.

If the positive ion core background has a dielectric constant e(oco) which is essentially
constant up to frequencies well above wy, then Eq. (2.10) becomes

ne? @2
e(w) = €(00) — dm— = ¢(00) [1 - w—g], (2.12)
where @, is defined as
~2 2
, = dmne” /e(oco)m. (2.13)

Notice that € = 0 at w = @,.
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Reflection ' Propagation

w_
Lle

Figure 2.1: Dielectric function e(w) of a free electron gas plotted versus frequency in units of
the plasma frequency w,. Incident electromagnetic wave propagates without damping when
€ > 0. and are reflected when € < 0.

Eelectromagnetic waves in plasma

Electromagnetic phenomena in plasma can be described by the Maxwell equation (in CGS
Gaussian unit):

47, 10D
H = %4222 tre’ .
V x i+ Y Ampére’s law, (2.14)
10B
VXE = _Zaa_t Faraday’s law, (2.15)
V-E = 4rp, (2.16)
with
1=0F,

D=FE+47P =<¢E,
B=H+4tM = uH,
¢ = 2.99793 x 10%m/sec.

In a nonmagnetic isotropic medium (p = 1) the electromagnetic wave equation is obtained
by Egs. (2.14) and (2.15) as
8’D
2
We look for a solution with E o exp[—iwt + tk - 7] and D = ¢(w, k)E; then we have the
dispersion relation for electromagnetic waves:

= ?V’E. (2.17)

k?
2 __
W' = R (2.18)
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-
Electromagnetic wave propagate a2 ’
through the plasma. &
(transparent) y i

(1) et
o, o'=wl+c’kl o =ck
1

Figure 2.2: Dispersion relation for the transverse electromagnetic waves in plasma. Electro-
magnetic wave propagates when w > w,, with w =, /w? + c?k2.

Li Na K Rb Cs
Ap, calculated 1500 2100 2900 3200 3600
Ap, Observed 2050 2100 3150 3600 4400

Table 2.2: Ultraviolet transmission limits of alkali metals, in A. After Mott and Jones [3).

Dispersion relation in free electron gas
In free electron gas we use Eq. (2.12) into Eq. (2.6), then one obtain the dispersion for e(w),
e(w)w? = e(0)(w® — @F) = k2. (2.19)

For w < &, we have k? < 0, so that k is imaginary. The solutions of the wave equation are
of the form exp(—|k|z) in the frequency region 0 < w < @,. Waves incident on the medium
in this frequency do not propagate, but will be totally reflected.

When w > @,, an electron gas is transparent and the dielectric function is positive real.
The dispersion relation in this region may be written as

w? = @2 + k? e(0); (2.20)

this describes transverse electromagnetic waves in plasma (Fig. 2.2).

Since w, depends only on n in the case of free electron gas, the frequency can be estimate
as a function of n. This is shown in Fig. 2.3. This simple consequence in free electron gas
can be compared with the experimental fact first discovered by Wood [1] and explained by
Zener [2] that the simple metals should reflect light in the visible region and transparent
to ultraviolet light. A comparison of calculated and observed cutoff wavelength is given in
Table 2.2 [3].

All electromagnetic phenomena can be understood through this dispersion relation. We
now consider various cases corresponding various physical situations in terms of € with various
w and k.
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100 |

E ?[eV?

10

1 10

n[10%°m’]

Figure 2.3: A graph plotted square of observed plasma energy E, versus carrier density n.
Circles and triangles indicate alkali and transition metals, respectively. After Raether [4]
and references therein.

e When ¢ is real and positive, k is real for w being real. In this case, the transverse
electromagnetic wave propagates with the phase velocity ¢/+/e.

e When e is real but negative, then k becomes imaginary for w being real. Therefore,
the electromagnetic wave propergates with a damping propotional to exp[—k"r]. (k =
k' 4ik", k' and k" are real)

e When ¢ is complex, k¥ becomes complex for w being real. The waves are damped in
space.

e When ¢ = o0, this means that the plasma has a response in the absence of external
forces. Thus, the poles of ¢ define the frequencies of the free oscillations of the plasma.

e When ¢ = 0, it is noted that the longitudinal waves are possible as shown in the
following section.

Zeros of the dielectric function

As described in the previous section, the zeros of the dielectric function has a special meaning
in determining the frequencies of the longitudinal modes of oscillation. That is,

e(wz) = 0, (2.21)

which determines the longitudinal plasma oscillation frequency wy.
Since the dielectric function of this mode is zero, the total dielectric flux density D must
be zero. Therefore,
E = —47P. (2.22)
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Figure 2.4: A longitudinal plasma oscillation. The arrows indicate the direction of displace-
ment of the electrons.

This means that there is an oscillating depolarization field due to P in a manner shown in
Fig. 2.4. For a free electron gas, at zero of the dielectric function

€(wr) =1-wl/w? =0, (2.23)

whence wy = w,. Thus there is a free longitudinal oscillation mode similar to Fig. 2.4 of an
electron gas at the plasma frequency described by Eq. (2.19) as the low-frequency cutoff of
transverse electromagnetic waves.

As a special case a longitudinal plasma oscillation with £ = 0 is shown in Fig. 2.5 as a
uniform displacement of an electron gas in a thin metallic slab. The electron gas is shifted
as a whole with respect to the positive ion background. The displacement u of the electron
gas creates an electric field E = 4wneu that acts as a restoring force on the gas.

The equation of motion of a unit volume of the electron gas of concentration n is

u _ _ 2 2
nm—s = —neF = —4nne‘u (2.24)
then
U 2= 2.25
W +wpu =0, ( .25)
with
4rne?\ /2
wy = ( - ) . (2.26)

This equation of motion is for a simple harmonic oscillator of frequency w,, the plasma
frequency, of which expression is identical with Eq.(2.11), although this is obtained from very
different physical situations. It is worth while mentioning that the same plasma frequency
wp at k=0 in Egs. (2.11) and (2.26) arise in a different connection.

2.2.2 Plasmons

A plasma oscillation in a metal described by Eq. (2.25) is a collective longitudinal excitation
of the conduction electron gas, which is a plasmon. To excite a plasmon, a technique passing

%‘
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Region of negative plasma

Normal region

Region of positive plasma

Surface charge density

Figure 2.5: In (a) a thin slab or film of a metal with equal number of the positive ion cores
and electrons. In (b) the negative charge has been displaced upward uniformly by a small
distance u, shown exaggerated in the figure. Asin (c), this displacement establishes a surface
charge density —neu on the upper surface of the slab and +neu on the lower surface, where
n is the electron concentration. An electric field £ = 4mneu is produced inside the slab.
This field tends to restore the electron sea to its equilibrium position (a).
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Calculated

Material ~ Observed hw, "o,

Metals

Li 7.12 8.02 7.96

Na 5.71 5.95 5.58

K 3.72 4.29 3.86

Mg 10.6 10.9

Al 15.3 15.8

Dielectrics

Si 16.4-16.9 16.0

Ge 16.0-16.4 16.0

InSb 12.0-13.0 12.0

Table 2.3: Volume plasmon energies of alkali and alkaline-earth metals, and semiconductors.
Data are given in a unit of eV. Recall that &, as defined by Eq. (2.13) includes the ion core
effects by use of e(c0).

an electron through a thin metallic film or by reflecting an electron or photon from a film is
commonly used, since charge of the electron couples with the electrostatic field fluctuations
of the plasma oscillations. The reflected or transmitted electron will show an energy loss
equal to integer multiples of the plasmon energy. A comparison of observed and calculated
values of plasmon energies is given in Table 2.3; further data are given in the reviews by
Raether [4] and by Daniels [5]. It will be shown later in more detail that microwave can also
excite a plasmom in high T, superconductor Bi;SroCaCusOss in the superconducting state
by making use of highly anisotropic superconducting properties of thin compound. Since the
wavelength of the electromagnetic wave at plasma frequency in a conventional metal is a few
thousand Angstroms, it is practically impossible to directly excite the plasmon mode with
k ~ 0. A free electron plasma oscillation with a small finite wavevector k can be described
by the dispersion relation

3k2v2
w e w1+ 10w§+---), (2.27)
where vp is the Fermi velocity.

We further note that it is possible to excite collective plasma oscillations in dielectric
materials; results for several dielectrics are also included in Table 2.3. The calculated plasma
energies of Si, Ge, and InSb are based on four valence electrons per atom. In a dielectric
the plasma oscillation is physically the same as in a metal: the entire valence electron sea
oscillates back and forth with respect to the ion cores [6].

2.3 Collective excitations in isotropic superconductors

2.3.1 Problem of gauge invariance in BCS theory

The electrical resistivity of many metals and alloys drops suddenly to zero when the specimen
is cooled to a sufficiently low temperature, often a temperature in the liquid helium temper-
ature range. This phenomenon, called superconductivity, was observed first by Kamerlingh

NS
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Onnes, in Leiden 1911, three years after he first liquefied helium [7]. Subsequently, many
experimental and theoretical studies were performed, the most remarkable development was
given 45 years after Onnes’ discovery. Bardeen, Cooper and Schrieffer [8] — later, we call
BCS— presented the microscopic theory of superconductivity, which can achieve remarkably
good understanding of the superconducting features for the existence of an energy gap. A
mathematical formulation of the BCS theory has been developed in a very elegant way by
Bogoliubov [9], who introduced coherent mixtures of particles and holes to describe a su-
perconductor. Such “quasi-particles” are not eigenstates of charge and particle number, and
reveal a very bold departure, inherent in the BCS theory, from the conventional approach to
many-Fermion problems. However, this creates at the same time certain theoretical difficul-
ties which are matters of principle. Thus the derivation of the Meissner effect in the original
BCS theory is not gauge-invariant, as is obvious from the viewpoint of the quasi-particle
picture, and posses a serious problem as to the correctness of the results obtained in such a
theory.

This question of the gauge invariance has been taken up by many people [10, 11, 12, 13].
In the Meissner effect, one deals with a linear relation between the Fourier components of
the external vector potential A and the induced current J, which is given by the expression

Ji(q) = E Kij(9)A;(a), (2:28)
with
K.i(q) = - fn; (01pl0)6:; + zﬂ:((OUi(Q)ln)éTjj(“Q)IO)
3 <0|ji(_Q)|";!)n(n|jj(Q)|0))_ (2.20)

p and j are the charge and current density, and |0} refers to the superconducting ground
states. In the BCS model, the second term vanishes in the limit ¢ — 0, leaving the first
term alone to give a non-gauge invariant result. However, that there is a significant differ-
ence between the transversal and longitudinal current operators in their matrix elements.
Namely, there exist collective excited states of quasi-particle pairs, as was first derived by
Bogoliubov [9], which can be exited only by the longitudinal current.

As a result, the second term does not vanish for a longitudinal current, but cancels the
first term (the longitudinal sum rule) to produce no physical effect; whereas for transverse
field, the original result will remain essentially correct. Therefore longitudinal collective
excitations extract gauge invariance of BCS theory, and transverse collective excitations
contribute to the Meissner current.

There are now a number of formalisms for including the backflow and the collective
mode. One of the simplest way to handle the problem rigorously is to make use of a “Ward-
Takahashi’s identity [14, 15],” which is the Green’s function analysis of the continuity equa-
tion. By making approximations which are consistent with this identity, one can ensure local
charge conservation and therefore gauge invariance. This approach was first discussed by
Nambu [16] and his line of argument is followed in Ref. [17, 18] in detail.
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2.3.2 Energy gap of the plasma mode

The quasi-particle picture of the collective excited states was firstly derived by Bogoliubov [9]
and followed by Anderson {10, 11] using generalized random-phase approximation, so that
the excited states are commonly called Anderson-Bogoliubov (AB) mode. In a hypothetical
neutral superconductor, AB mode is soft and lies in the superconducting gap A (the details
are mentioned in the following section). It can be interpreted either as a first-sound-like mode
propagation in the condensate, or as bound electron pairs with nonzero momentum. In the
physical case of a charged superconductor, the AB mode is pushed up to high frequencies
by the long-range Coulomb interaction, and becomes indistinguishable from the “normal”
plasmon in energy [11, 12]. That is, the energy gap of this plasma mode is given by

1
4mnge?\ 2
m* ’

E, = fw, = h( (2.30)
where n; and m* are the density and effective mass of the quasi-particles. In the case of
conventional superconductors, no low-lying plasma mode can be observed for damping of
quasi-particles, because the Coulomb gap E, is the order of 1 eV, which lies far beyond the
superconducting gap A of a few meV. Furthermore, if the plasma excitations are observed,
the plasma frequency derived from Eq. (2.30) is probably identical to the normal plasmon
expressed by Eq. (2.26) (the only difference is the density of carriers), thus the excited state
cannot be identified with the AB mode.

2.3.3 Spontaneous symmetry breaking in a superconductor

Next, let us consider the superconducting transition in the context of phase transitions in
the quantum field theory.

Superconductivity is one of the ordered states, in which phases of wave functions are
coherent in a macroscopic range. This situation is the same as ferromagnetism of magnets in
a sense of destruction of symmetry; the phases of wave functions in superconductivity and the
directions of magnetic moments in ferromagnetism lose a rotation symmetry accompanied
with the ferromagnetic transitions. In the field theory, a destruction of symmetry with phase
transition is known to be as a “spontaneous symmetry breaking.”

Nambu [19] and Goldstone [20] have examined that any spontaneously symmetry broken
systems have low-lying and continuous collective excitations which tend to zero in the limit
of K — 0. This theorem (Nambu-Goldstone theorem) was proved by Goldstone et al. [21],
and the collective excitation is called Nambu-Goldstone mode. Nambu-Goldstone (NG)
mode appears as many practical examples in condensates, such as a spin wave (magnon) in
a ferromagnet, which has the dispersion relation of w o< k2.

In a superconductor, the longitudinal collective excitation is the NG mode, (the transverse
mode contributes the Meissner effect). Taking the Coulomb interaction into account, NG
field x satisfies equations

o 2 (T2\U2 1 o202 (T2) 002 (72
(57 — (VY2 + (V)03 (V)] x =, (231)

at2
V2y =0, (2.32)

where vg(V?) is defined by the NG boson energy wy with w? = vp(—k?)k?, and n(V?) is a
differential operator which satisfies 7(0) = 1/c with ¢ being a complex number [22]. Equation
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(2.31) gives the plasma frequency w, = en(0)vp(0) in low £ limit, and Eq. (2.32) gives x at
zero momentum®. This means that NG mode is pushed up into the plasma mode by Coulomb
interaction except for £ = 0, and this mechanism is named Anderson-Higgs-Kibble (AHK)
mechanism [10, 23, 24]. Hence, we can understand that the longitudinal plasma mode in
superconductors is a Nambu-Goldstone mode with a finite plasma gap which originate from
AHK mechanism. It is noted that the plasma mode is quantized to a “phason” mode.

2.4 Plasma excitation in high-7, superconductors

Now, ten years after the discovery of high-temperature superconductors by Bednorz and
Miiller [25], we have a consensus that the superconductivity in copper oxide compounds is
due to the Cooper pairs concentrated to the CuO; planes. This picture was derived from
the crystal structure, and the extremely short perpendicular coherence length £, which is
subatomic range.

Anisotropic layered superconductors such as transition-metal dichalcogenides and their
intercalated compounds (NbSe,, TaS,, TaSe,), the organic superconductors (the Bechgaard
salts and the BEDT-TTF family), and artificial multilayers (Nb-Cu, Nb-NbOy, Pb-Ge, Au-
Ge, Pb-Au) have been under research since the early 1970s [26, 27, 28]. In all of the struc-
tures, superconducting layers alternate with weakly superconducting, normal or even insulat-
ing layers. In some of the compounds, the Ginzburg-Landau coherence length perpendicular
to the layers is comparable or smaller than the interlayer spacing, so that these materials
cannot be treated simply as extremely anisotropic but still homogeneous materials. Even in
a perfect single crystal, the amplitude of the superconducting order parameter should vary
strongly between the layers. This situation, which is well known from Josephson junctions,
leads to the ideas that, at least for the most anisotropic materials, the superconducting layers
are coupled by the Josephson effect. A macroscopic theory for such system has been pro-
posed by Lawrence and Doniach [29]. The theory was quite successful in explaining various
physical phenomena in layered superconductors.

2.4.1 Historical surveys of the Josephson plasma

The pioneering work on collective excitations in layered superconductors was given by Fertig
and Das Sarma [30]. From the analogy of their studies in layered semiconductors [31, 32],
they pointed out the collective (plasma) excitation mode of the well-layered superconductors
can be less than the gap A, because the tunneling of quasi-particles between planes is small
enough. Mishonov also predicted plasma excitations in BiySraCaCuz04.5 (BSCCO) with
an electric field polarized perpendicular to the CuO, plane [33]. He remarked at the giant
effective-mass anisotropy m./m, = 3000 obtained by magnetometry [34], and was motivated
a plasma edge measurement at a far-infrared frequency region in polycrystalline high-T,
samples by Noh et al. [35].

The first observation of the plasma edge in single crystalline high-T, materials was re-
ported by Tamasaku et al. [36] in the ¢ axis polarized infrared reflectivity measurements on
high-quality single crystal Las_,Sr,CuQOy4 (LSCQO). The spectrum below T, shows a distinct
edge around 50 cm™!, which is much lower than the estimated BCS gap 2A = 3.56T, ~ 150

!Solutions of this Laplace equation (2.32) lead vortices in the superconducting mixed state. See chapter
6 in Ref. [22].
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Figure 2.6: Infrared reflectivity spectra of La,_,Sr,CuQOy4 with polarization perpendicular to
the CuO, planes (E || ¢) above and below T, for (a) z = 0.10 (T, = 27 K), (b) = = 0.13
(T. = 32 K), and (c) z = 0.16 (T, = 34 K). After Tamasaku et al. [36].

cm™!, and changes drastically above T, (Fig. 2.6). This result was interpreted by the plasma
edge which is due to the coherent conduction of supercurrents along the ¢ axis. This exper-
imental fact implies that the Josephson effect drives the interlayer (c axis) superconducting
current. Subsequently, Tachiki et al. [37] concluded that the plasma excitation is charac-
teristic of the high-T, superconductors which have layered structures through a systematic
calculation of electromagnetic responses in Josephson coupling multi-layered superconduc-
tors.

Although this view of superconductors as a sequence of intrinsic Josephson junctions had
already been implied by several researchers, its striking confirmation was firstly reported
by Kleiner et al. on BSCCO and Tl,Bi;Ca;Cu30;9 (TBCCO) small single crystals [38, 39].
The current-voltage (I — V') characteristics exhibit large hysteresis and multiple branches,
which are the same number of CuQO, layers. Moreover, I-V characteristics under microwave
irradiation show multiple steps which determined by the number of Josephson junctions and
microwave frequency (Shapiro step). These experiments have unambiguously revealed the
superconductor-insulator-superconductor (SIS) tunneling character of the ¢ axis transport
current in highly anisotropic superconductors. Thus they presented an attractive idea that
these materials are equivalent to the stacked Josephson junction arrays in which Josephson
Junctions exist as many as insulating (Bi;O, in BSCCO) layers. The crystal structure of
BSCCO is shown in Fig 2.7. Similar experimental phenomena had been observed in several
other experiments [40, 41, 42], and the idea was recognized as the basic notion in the high-
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temperature superconductor.

In 1994, Tsui et al. discovered a broad electromagnetic resonance in the surface
impedance measurements of BSCCO as a function of perpendicular external magnetic field
(Hex || ¢) in a microwave frequency range (30-60GHz) [43]. The resonance lines obtained by
them is represented in Fig. 2.8. Despite that the detail configuration of RF electromagnetic
field around the sample is arbitrary since the sample was simply put on the inside of the
waveguide in this experiment, several new experimental features were revealed:

1. A surface impedance has an anomaly (a kind of resonance) and it appears in the finite
magnetic field.

2. The frequency dependence of the resonance field H s shows an anti-cyclotronic be-
havior.

3. The temperature dependence of H s exhibits a cusp, which corresponds to the irre-
versibility line? of the specimen.

Similar experiment with theirs was performed by using a microwave cavity. Matsuda et
al. [44] can remove the ambiguity concerning the RF fields. They observed a sharp resonance
in perpendicular RF electric filed (Ey || ¢). Therefore, the resonance is interpreted by the
Josephson plasma resonance, which is a unique phenomenon of the system of Josephson
coupled superconducting multilayer, as suggested by Bulaevskii et al. [45], and Tachiki et
al. [46]. In particular, the latter authors pointed out that the Josephson plasma has two
different modes —longitudinal and transverse— considering the charge screening length u
which is neglected in the treatment of conventional Josephson junctions. We will follow their
line in the following Sec.2.4.3.

2.4.2 Single Josephson junction

Before discussing Josephson plasma in high-T, superconductors in more detail, we first con-
sider a single Josephson junction to help understanding Josephson plasma to distinguish it
from conventional plasma. The point to be considered first, is that charged particles con-
cerned with the Josephson plasma are not the whole electrons but only the Cooper pairs
passing through the weak Josephson coupling. Physically, we should consider a single Joseph-
son junction as follows. Figure 2.9 shows a system in which two layered superconductors A,
B are coupled with a medium of insulating layer which has a thickness of d and a dielectric
constant of e. In this system, Cooper pairs can move from A to B and vice versa, since the
wave functions in A and B penetrate into the insulating layer and interfere each other.
In 1962, Josephson predicted that the tunneling current of Cooper pairs through weak
coupling can be described by [47]
I =1I.sinAgp, (2.33)

when I, is the maximum current through barriers and A is the phase difference between the
two superconductors. Applying the Ginzburg-Landau theory, the maximum current density

Jer can be expressed as
_ 2ehng I

Jer = a2 = Za
2The irreversibility line separets the B — T’ phase diagram into two regions, where the manetization curve
has no hysteresis abve the line and it has hysterisis below the line. See Ref. [28].

(2.34)
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Figure 2.7: Crystal structure of BiySroCaCus0g45. Superconducting CuO. layers are well
separated by semiconductive Bi,O, layers.
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Figure 2.8: A series of resonance lines in BSCCO for incident microwave frequency between
30 and 50 GHz, with T fixed at 4.2K (main panel). The curves are normalized so that the
areas under the resonance are roughly equal. The inset shows the w dependence of Bes. The

solid line is a guide to the eye. After Tsui et al. [43].

Superconducting layer ?3
B

Figure 2.9: Schematic diagram of a sigle Josephson junction. Only Cooper pairs can pass
through the junction, and drives Josephson plasma. ¢4 and ¢p indicate phases of order
parameters of superconductor A and B, respectively.
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where A is the area of junction, n, is the superconducting Cooper pair density, m* is the
effective mass of the pair perpendicular to the junction, d is the distance between two su-
perconducting layers. The penetration depth of current along the the junction \; associated
with the tunneling current density j., is expressed by

cho
Ay = )
7=\ sy, (2:35)
with ¢o being flux quantum.

The plasma oscillation can be determined in a simple Josephson junction as described
by Anderson [48]. The tunneling of Cooper pairs yields the phase difference between A and
B, Ap = ¢4 — @B, thus the increment of the superconducting energy is given by

AB(Ag) = Ey(1 - cos Ag) = %jcr(l — cos Ay), (2.36)

where E; is the bare Josephson energy. Since the Cooper pairs move from one to the other
superconducting layer, the increase of electrostatic potential AE(n) results in

Q _ (2en)?

AE(n) = — = —~ .
(W) = 5% = 2, (237
where C = e/4nd is the capacitance of the single-junction, @ = 2en is the charge, and n is
assocated with the number of the Cooper pairs n, penetrated through the junction. As a
result, the Hamiltonian of this system can be written as

2

H = %-P-E(I—COSA(,O)

(2¢)?n® K .  Ag?

2 Ta Ty (23)

1R

Since this Hamiltonian is equivalent to the one for a simple harmonic oscillator in which
n and Ay are regarded as the momentum and the coordinate, respectively. Therefore, the
eigenfrequency w, of the system is obtained as

v, = % \/ (22219 _ \/81r:;ljc, (2.39)
= :/\J (2.40)

with —
A= \/87re§'crd - \/sgj'zrd' | (241)

This expression corresponds to Eq. (2.35).
Using typical values of € = 25, d = 154, and j., = 10 emu-A/ cm’for BSCCO, the plasma

frequency is estimated to be

wp = 21y, = 7.2 x 10! rad/sec,
vp = 100 GHz.
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This frequency lies in the microwave range, and the corresponding energy (0.43 meV) is well
below the superconducting energy gap 2A ~ 8 meV. This result implies that the Joseph-
son plasma mode exists in the superconducting gap. Since the damping of quasi-particles
(Landau damping) should not occur in this condition, the Josephson plasma mode does not
decay within the microwave time scale. This sort of plasma is also expected in the multilayer
system, Lawrence and Doniach, for the first time, applied their model to calculate plasma
frequency in Josephson coupling layered system [29], which is identical to Eq. (2.40).

Although the Josephson plasma phenomenon is understood by considering the simplified
single Josephson junction, the following two points should be added in high temperature su-
perconductors. The first point is that the superconducting layers are much thinner (several
A) than the the conventional Josephson junction, so that the shielding effect is incomplete.
The corresponding screening length can be estimated to be ~ 10 Ain high-T, supercon-
ductors. Because of this incomplete shielding effect the local Josephson relation is broken,
resulting in the unusual I — V' characteristics as predicted by Koyama and Tachiki [49]. The
second is the effect of multi-stacking of Josephson junction. This gives rise to the longitudi-
nal charge oscillation (longitudinal plasma mode), characteristic excitation mode originated
from the gauge invariance of the superconductivity. This will be discussed further in the
following section.

2.4.3 Josephson plasma in Josephson coupled layer system

Let us consider a system in which the superconducting layers are stacked along the z axis
with an interval d and the adjacent layers are assumed to be coupled by the Josephson effect
as shown in Fig. 2.10. In order to investigate electromagnetic properties of the system, one
may choose the Lawrence-Doniach model [29] as a most appropriate model for the systems,
where £; < d must be satisfied. This condition is apparently satisfied for most high-T,
superconductors, especially very anisotropic compounds such as BipSroCaCusQg, used in
the present study, since £, ~ 0.2 A< d ~ 12A. Tachiki et al. calculated the dispersion
relations of such a layered system for longitudinal and transverse excitations —longitudinal
and transverse Josephson plasma modes [46]. We will follow their procedure below.

The free energy of the Josephson coupling is given phenomenologically using the order
parameter on each layer, ¥,(r)(r = (z,y)), in the presence of an electromagnetic field [29]

2ze
£ g & [ drfpeatryexs] -5

with z; = ¢d and m being constant with the dimension of mass. In the case that the
amplitude of the order parameter |¥,| is constant; i.e. independent of » and ¢,

: (2.42)

Zz+1

dzAz(r,z)] —y(r)

Uy(r) = o explive(r)], (2.43)
with @e(r) being the phase of £th layer, Eq. (2.42) is reduced to
h?q,?
= 5 3 [ dr(1 = cos pese(r)). (2.44)

Here @¢41 ¢(7) is the gauge invariant phase difference between the £ and £+ 1 th layers defined
as

Pre1(T) = a1 () — y(r) — f—;f- [ deau(r,2), (2.45)

0 v 2¢
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Figure 2.10: A model for strongly layered high-T, superconductors as a stack of CuO, layers
(left). The equivalent circuit of this model as a 1D Josephson junction array (right). The
CuO, layers are coupled with the adjacent CuQO, layers through the Josephson effect. s is
the thickness of CuQO, layers and d is the distance between the layers. A condition that
8 < d is different from the single junction where s > d.

where ¢y = he/2e is the flux quantum. In this system the current along the z axis is given
by the Josephson tunneling current as
0E

il 2) = ~epp = i T = 20) =0z =zl simpendr),  (2:46)

where (z) is the step function and j, = 2ehA¥2/md?. Components of the current flowing
inside the layers is formed by the basis of the London theory,

Ju(r,z)=d} 6z —2)ji(r) (v=1zy), (2.47)
¢
where j; (r) is defined by

Ao L _ %
3 (r) = = g5z (A, ) = 200u(r), (2.48)
with A, being the London penetration depth of the current parallel to the ab plane (CuO,
layers).

We assume in the following discussion that the Egs. (2.46) and (2.48) are also valid for the
ac current. This assumption is allowed in the frequency range well below the superconducting
gap at low temperatures. From the analogy of London equation Eq. (2.47), we obtain
an equation of charge, which is used for complete description of an electrodynamics of a
superconductor,

p(T‘, 2, t) = dz 5(3 - zﬂ)pf(ra t)? (249)
£
where 3
pg(‘!‘, t) &= —m(‘qo(r! 2, t) ) %at(f%(rv t))' (2'50)




24 CHAPTER 2. PLASMA

Here the screening length of a superconducting charge p is much smaller than A;,. The 2
component of the Maxwell equation

4
VxB= %"j + EatE (2.51)

indicates that B, and E, are constant between adjacent layers in this model, so that they
are expressed by

B,(r,z,t) = D [0(z - z) — 8(z — ze1)]B{ (7, 1), (2.52)

)
Ey(r,z,t) = D [0(z — 2) = 0(z — 2e41)| B (7, 1). (2.53)
¢

Thus the z component of Eq. (2.51) yields the relation on each layer

AT fer

8,BY — 8,BF = —I% sin g4 4 + EEf. (2.54)

Equation for the z component of magnetic field is derived from z and y components of Eq.
(2.51), using V x E = —(1/c) - ;B and Eq. (2.47) as

€ d oo
[-C-zaf +vYB, = oA ; 8(z — 24)[B: — 510 8,4, (2.55)

where [9;, 8,] is a commutator as
[0z, 8y)pe = (0x0y — 0y0z) e = (V X Vipy). (2.56)

The formulation described above means that the 2 component of the magnetic field (per-
pendicular layers) is determined independently of the z and y components.

Next, we remark on the equation for the gauge invariant phase g1, given in Eq. (2.45).
Differentiating Eq. (2.45) with respect to z, y and ¢, and noting Eq.(2.48), then we obtain
the relations

bo Al o .

soOupre = —2[ify — 5§] +dBY, (2:57)
ardi, ,

57%63;908-4—1,3 = " ? [JE-H - J?] — dBy, (2.58)

%aﬂc’eﬂx = —d4my’ [Pz+1 - Pe] + dEj. (2.59)

It is noted that Eq. (2.59) is the modified Josephson relation (0;¢ = (2e/h)V) for the case of
thin electrode and can be reduced to the conventional Josephson relation (0, = (2e/h)V)
when the charging effect on the layers is neglected. From Egs. (2.57) - (2.59) one can obtain
that

€
[—E@‘af i+ 33] P11,
82\

= =52 Ousti + 0yitis) - (8uF + 0,32)]
8n’d . 8mle’
+ chr S1N Qpy10 + = [atp£+1 = atpf]- (2.60)
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Equation (2.52) was used in deriving this equation. The current conservation law, V-j+4-0,p =
0, is rewritten with Egs. (2.46), (2.47), and (2.49) as

zJE + 8,58 = —Oupe — —;—[sm ©es1e — Sin pre1). (2.61)

Substituting Eq. (2.61) into Eq. (2.60), we have the final equation for the gauge invariant
phase difference:

(_E%atz +82+ 32)902+1 ¢

8o [N 22 . Aab .
L Her [? SIN Qpi2041 — (7“" + 1) sin @pi1 0 + ?ab Sm W’f‘l]

oo
8m2e)Z, ey’
_ W(l - A—ﬁb)((')tpe+1 — Bypy). (2.62)

In the following sections, the solutions of Eq. (2.62) corresponding to the plasma oscillations
are discussed.

Longitudinal plasma mode

We assume that the phase difference between the layers is uniform in the direction parallel
to the layers (@et1,4(7,t) = @er1,4(t)) in the absence of an external magnetic field in this
section. In this case, Eq. (2.62) is reduced to

—c%atwg+1,£(t) = ——[)C\lz Perae1(t) — ( 22 )<Pe+1e() d2 “2 e 1(t)]
-2 (1= S B9 - Al (269)

where A\, = \/c¢o/872dj., denotes the penetration depth of the current flowing parallel to
the ¢ axis (Josephson current). Provided this equation has plane wave solution for ¢y (%)
and pp(t)  explik,4d — iwt], Eq. (2.63) is described in a long wavelength region (d < 1/k,)

as
€ o 1 5 _ 8md)Z, eu’
(c2w -E[(Aabk,,) +1])go(kz)———c » (1——/\zb)wkzp(kz). (2.64)

From the Maxwell equation V - E = 4wp and Eq. (2.59), we obtain another relation for
Pes1,2(t) and pe(2);

d?
pesa(t) — (2+ J)P@(t) + per(t) = 87rfc ——[0pe1,e(t) — Bupeg(2)], (2.65)
which gives the equation in k space of
(K2 + Dplk.) = 22wk, o(k). (2.66)
z 8m2cd z

This relation was also derived for d < 1/k,. Combining Egs. (2.64) and (2.66), we have a
simple equation for the gauge invariant phase difference as

€ ep?y  A2k2 2 1 .. ,0 ]
=1 —2E - = = 2.67
[02 [ + (1 by b)éﬂ2k2 + 1] /\g ()‘abkz + 1) QO(kZ) 07 ( )

o
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therefore, the dispersion relation of the longitudinal plasma mode is described by

[ I (Aapkz)? + 1 1/2
A2 1+ (1 — ep?/N2) (Aask2)?/(2u?k2 + 1)1 7

~  wpy/1 4+ euk2, (2.68)

c
AR :
g €Ae

Since € ~ 10 and gz ~ 10Ain BSCCO, this dispersion relation is almost independent of k,
in the microwave frequency region (k, ~ 1em™'). This mode represents a wave with charge
polarization propagating parallel to the polarization direction.

wL(kz)

with

(2.69)

Transverse plasma mode

When the phase difference is uniform in the direction of ¢ axis but can be spatially dependent
over the plane, that is, @gi1,6(7,t) = ¢(r,t), we obtain the equation for the phase difference
using Eq. (2.62),
€ 1 .
[-;63 + 62+ 02 p(r,t) = 3 in o(r, ). (2.70)
It is noted that this equation has the same form as the one for a single junction system.
Equation (2.70) is linearized and solved for small phase difference (sin ¢(r,t) ~ ¢(r, 1)), we
obtain the dispersion relation of the transverse plasma as

wr(k) = wyy/1 + A2K?, (2.71)

with k = (k;,k,). Here we assume the plane wave solution propagating parallel to the
layers. The transverse plasma is a composite wave of the Josephson current wave and the
electromagnetic wave. The frequency dependence of the reflectivity in LSCO by Tamasaku
et al. [36] is in good agreement with the theoretical dispersion of the transverse plasma.
Assuming the d-pairing for superconductivity, they calculated the reflectivity for a film
thickness 100pm, the result is shown in Fig. 2.11. This calculated frequency spectrum of
the reflectivity well explains the experimental result.

As seen in Eqs.(2.68) and (2.71), The frequency of the longitudinal plasma mode coincides
with that of the transverse mode at zero wave number. However, the dispersion relations are
very different: the dispersion is extremely weak compared with that of the transverse mode
since u2/A2 < 1. This is the characteristic difference of the transverse and longitudinal
plasmas and they are schematically shown in Fig 2.12.

Experimentally, a uniform excitation over the layers is applied by a uniform oscillating
electric field Es parallel to ¢ axis, which is easily and surely obtained by using a rectan-
gular cavity resonator described in Sec. 3.2.1 in detail. On the other hand, the transverse
plasma can be generated by any excitations, which is usually uniform perpendicular to the
layers but spatially variant over the layers. For example, parallel oscillating magnetic field
(H,t || ab), which is employed for the transverse excitation in this study, induces spatially
variant eddy currents, and the transverse plasma mode is excited inside the specimen. Al-
though the preliminary experiment [43] had been performed without noting this point, we
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Figure 2.11: Reflectivity of film for the d wave paring. The solid dots indicate the experi-
mental data of La; g5Sr¢.15CuQy4 film by Tamasaku et al.
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Figure 2.12: Dispersions for the plasma waves with ¢ axis polarization. The solid and dashed
curves are the dispersions for the transverse and longitudinal plasma waves, respectively. The
frequency w is normalized by the plasma frequency w, = ¢//€X..
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Magnetic field
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Figure 2.13: Schematic diagram of the temperature dependence of the resonance field of the
Josephson plasma in the external fields parallel to the ¢ axis. The solid curve denotes the 4
resonance field and the dashed curve denotes the boundary (formerly known as irreversibility ]
line) which separates the vortex solid and the vortex liquid phases.

deduce that they observed the transverse plasma mode because the characteristics of the
asymmetric and broad features of their observed a mixture of the transverse and the longi-
tudinal modes because both of perpendicular and parallel oscillating magnetic field would
be applied. Moreover, subsequent experiments [44] were interpreted without considering
the longitudinal plasma mode despite that they might observe the longitudinal mode by
using a cavity. In this study, newly resolved controversies as mentioned above by studying
the Josephson plasma resonance in a cavity resonator, which gives us a clear view in the
resonance mechanism. As a result, we were able to separate this two plasma modes by sys-
tematically utilizing the excitation conditions for two modes in a cavity resonator. We also
emphasize that the transverse plasma mode is nothing but the Nambu-Goldstone mode in
a superconductor as described above. The details are described in Chap. 4.

2.4.4 Interaction between plasma and vortices

Most of Josephson plasma measurement in microwave frequencies up to now are obtained |
by experiments with fixed microwave frequency and varying external magnetic field. Those
resonance fields are strongly dependent on temperature, and have a maximum value on the
phase boundary between the vortex solid (glass) and the liquid phases, when the external |
fields are applied parallel to the ¢ axis as schematically shown in Fig. 2.13. This fact indicates J
that the plasma is strongly affected by the vortices.

The effective Josephson coupling responsible for the plasma oscillation is influenced by ]
the vortices in the following way [45]. The phase difference between the £ and £ + 1th layer |
is divided into two parts; one is the contribution from the vortices ¢j,,, and another is the
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contribution from the plasma ¢, ;:

Dres1(T) = ‘Pg,e+1("") + 9022+1 (7). (2.72)

The vortex locating at (Ten, Ye,n) at £th layer contributes to the phase ¢}, at (Ze41,n, Yet+1,0)
at £ + 1th layer as

1 Y- Yetin Y~ Y
= tan~! I —ZFR _ gaptl 2 Ton g 2.73
e zn:[ I - $l+1,n T — xl,n] ( )

The physical origin of Eq. (2.73) can be easily understood. In the £th layer, a vortex located
at Tgn = (Tem, Ysn) contributes a phase @y(ry,) at 7y,. The angle ¢ is simply the polar
angle around 7,,. Considered Eq. (2.72), the Josephson current j; between the layers is
written by

J1 = JorSiDQppeq (7‘) (2-74)
X Jor(COS Py pry * Pheer +8IN WL, 0), (2.75)

where jor = cdo/8mAls is the Josephson critical current, and the higher order terms of ¢,
are neglected. If we pick up the term linear in gof’e 11, we have effective Josephson current as

j.(]eff = Jer COS 9025_}.1- (2.76)

Equations (2.40) and (2.41) imply that the plasma frequency is proportional to (55%)!/2. By
taking a proper space average the c axis plasma frequency w, as a function of the external
field H and temperature T is expressed as

we(H,T) = wy(0,0)( cos 9 5,1}/, (2.77)

In a perpendicular field, vortices which penetrate CuO, layers (pancake vortices) are arranged
along straight lines and form a triangular lattice if pinning and fluctuation are ignored. For
this lattice, ¢j,,; = 0 as follows from Eq. (2.73). In the case that the pancake vortices are
not aligned but zigzag because of pinning or thermal fluctuation, cos ¢} ,., is less than unity.
Therefore Eq. (2.77) means that w, is a sensitive probe of the interlayer phase coherence

COS Py 41
Field dependence of w, is phenomenologically described as

wi(H) o H#, (2.78)

where p =~ 0.7 — 0.8 in the vortex solid phase [43], and u = 0.9 — 1 in the vortex liquid
phase [44]. This power-law of the filed dependence is theoretically controversial [50, 51], but
overall features obey Eq. (2.78), so that the details of the controversy are not mentioned
here. This field dependence can be explained by Eq. (2.73) qualitatively; vortices which
are not aligned increases as the external field increases, thus cosj,,; approaches zero.
The resonance occurs when w.(H) corresponds to the excitation (microwave) frequency with
decrease of (cos ¢} ,,;)-

Figure 2.13 suggests that the plasma frequency in BSCCO has a maximum at a temper-
ature on the phase boundary, and the frequency decreases as either temperature increases
or decreases from the temperature. This temperature dependence of the plasma frequency
may qualitatively be explained on the basis of Eq. (2.77) as follows. If one introduces point
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pinning centers which are randomly distributed over the crystal, then the pancake vortices
in each layer are pinned at the pinning centers at low temperatures. As a result, the phase
coherence of the vortices between the layers is destroyed and (cos ¢} ,.,) has a value less than
unity. Therefore, the plasma frequency has a small value at low temperatures as seen from
Eq. (2.77). When the temperature increases, the pinned vortices are thermally fluctuated
and the phase coherence of the vortices between the layers is recovered. Due to this effect, the
plasma frequency increases as temperature increases and attains a maximum on the phase
boundary. When the temperature further increase, the phase coherence of the vortices are
destroyed again by thermal fluctuations of the vortices and the plasma frequency decreases.
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Chapter 3

Experiment

3.1 Introduction

The Josephson plasma resonance (JPR) is a sort of electromagnetic absorptive phenomena
which was discovered in the course of surface impedance measurements in BiySroCaCuyOg
by Tsui et al. [1] in 1994. Their experimental configuration was as follows.

e The external field was applied parallel to the ¢ axis.

e Incident electromagnetic wave frequencies were in a microwave range between 30 and
50 GHz.

e The specimen was set in the rectangular waveguide with TE;, mode so that the c axis
is parallel to the microwave k vector.

e The absorption was detected by the bolometric method, which mainly consists of a
sapphire sample stage and a bolometer (a tiny carbon resistor or a temperature sensor).

The sample was supported by the sample stage, which was thermally isolated and fixed on the
waveguide flange in which the choke pattern was cut. The amplitude of incident microwave
was modulated at a frequency of several hertz. This method is simple and sensitive enough for
this purpose of surface impedance measurement, however, has disadvantages in the following
two points.

First, it is uncertain what type of oscillating electromagnetic field (E, and Hy) is
exciting the resonance. Considering the oscillating electromagnetic field distribution inside
the TE,o rectangular waveguide, there are equal possibility for E.s and H ¢ that can generate
plasma waves by applying parallel to the CuO, plane of the sample. See Fig. 3.1. Therefore
current parallel to both ¢ axis and ab plane can be induced, and we cannot distinguish which
current drives the observed resonance. In order to make this clear it is necessary to use a
cavity resonator, in which E+ andH ;s can be selected without ambiguity. By this reason,
subsequent experiments have been employed in a rectangular cavity resonator with TFE ;g
mode [2, 3] or a cylindrical cavity resonator with TMo;; and TE¢;; modes [4, 5]. Although
the rectangular cavities have less quality factor @) value, they have a unique modes for their
dimensions without degeneracy. On the other hand, cylindrical cavities have higher @ value
of ~ 103 — 104, but different modes with similar resonant frequencies can exist in the same
cavity. This is sometimes inconvenient to separate plasma modes excited by either E or
H.
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Figure 3.1: High frequency electromagnetic field distribution of rectangular waveguide with
TEy mode and configuration of the experiment by Tsui et al. The solid symbol denotes a
vector directed up out of the paper and the opened one into the paper. Dotted lines refer to
H ; and Solid lines to E. Inset shows the RF electromagnetic field close to the specimen in
the previous experiment. (a) and (b) are the views from E (wider) and H(narrower) planes
of waveguide, respectively.
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Second, the bolometric technique can detect only thermal absorption of the incident
microwave dissipated in the specimen. This technique was developed to measure surface
impedance of superconductors in finite external field [6], and it has high sensitivity: 1 nW
absorption against 10 mW irradiation at several tens GHz microwave at 4.2 K. On the
contrary, the microwave bridge method, which has been employed for conventional surface
impedance, electron spin resonance (ESR) and cyclotron resonance (CR) observation, is
not so sensitive as the bolometric technique. However, it has an advantage to extract the
phase information of the electromagnetic response function of the specimen. The details
are mentioned later. Therefore, the microwave bridge method with a rectangular cavity
resonator was employed in this study.

In this chapter, the system and the principle of the Josephson plasma resonance mea-
surements used in this study are introduced including superconducting magnets, variable
temperature cryostat and so on. The method of sample preparation is also described.

3.2 Josephson plasma resonance measurement

All experiments described in Chap. 4 and a part of in Chap. 5 were performed at National
Research Institute for Metals (NRIM), Tsukuba, and the rest of the experiments were done
at Institute of Materials Science, University of Tsukuba. The measurement systems used
in both laboratories are almost same, which consist of a microwave bridge, a sprit pair
superconducting magnet with a cryogenic variable temperature cryostat, and a high precision
goniometer. The block diagram is shown in Fig. 3.2.

3.2.1 Microwave bridge

The microwave bridge balance system used in this study is a refection type of bridge which
consists of a cavity, a krystron, and the other components as shown in Fig. 3.2. This
reflection type of bridge is one of bridge balance circuits. This is the heart of this experiments
and detects signals as off-balanced signal between the sample loaded (cavity) arm and the
reference (termination) arm. The operating principle of this balancing circuit is as follows.
Microwaves generated by the krystron is fed into the magic tee and the microwaves split into
two: one propagates to the cavity arm, and other to the termination arm. The microwave
travels to the cavity arm and reflected back making standing wave in the whole waveguide.
If the microwave frequency matches the resonant frequency, the cavity can resonates and
stores microwave energy, up to an energy corresponding to the @ value. If the resonance
occurs inside the cavity, the reflected waves become weak because of the change of the cavity
impedance corresponding to the electromagnetic response of the sample. Since the reflected
microwave was balanced perfectly so as to make zero microwave at the detector from the -
magic tee off resonance, the reduction of the reflected microwave gives rise to an unbalanced
signal as the magic tee, which can be detected by the detector.
In the following, we describe the principle of operation by parts used in this study.

Resonant cavity

The microwave cavity used in this study is shown in Fig. 3.3. This cavity consists of two
pieces of copper rectangular waveguide of 35 GHz band (WRI-320 in JIS; inside dimension is
7.11lmmx 3.56mm), a bottom plate and a coupling iris, all parts are made by the author. The
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Figure 3.2: Block diagram of the measuring system used in this study. The incident mi-
crowave frequency is stabilized by the AFC (automatic frequency controller) and the ab-
sorption is detected by Shottky barrier diode. The superconducting magnet can generate
horizontal magnetic field. The personal computer controls some devices, displays and stores
acquired data. The cryogenic system is omitted.
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bottom part of the cavity can be detached to insert a specimen at the height of A;/4 = 2.7 mm
from the bottom, where A; is the guide wavelength of 35GHz microwave. This construction
is considered to keep highest @) value. The cavity has unloaded resonant frequency of 35.1
GHz in T E1p; mode, which is the most fundamental mode of a cavity resonator. Specimens
were placed at the position(a), where Ey¢ is maximum and H is minimum, or (b), vice
versa. When the specimen was placed at (a), a sample stage which is cut from a piece of
Teflon® was used.

Detection of absorption A resonant cavity is the microwave analogue of an rf-tuned
circuit as shown in Fig. 3.4, which has a characteristic resonance frequency wy = 1/VLC,

where the impedance Z
R+ iwlL
Z = 1
1 -w?LC +iwCR (3-1)
becomes minimum. The quality factor @), measure of the sharpness of the resonance of the

cavity itself, is defined by

_ u.)oL _ 1
©=F*= RuwyC (3:2)
_ 27 (energy stored) (3.3)

energy dissipated par cycle’

This @ factor plays a very important role in the theory of resonant cavities.

In practical cavities, the overall or loaded @) may be a sum of the reciprocals of the @,
due to the ohmic losses in the walls of the cavities, the @, due to the cavity coupling holes,
and the @,, due to materials in the cavities, and in the following form

1 1 1 1

0T te e 34)
Here 1/Q., consists of the magnetic, the conductive and the dielectric losses, and the ob-
servations for their resonating variations coincide with ESR, CR and JPR measurements,
respectively.

When a substance which has a nonlinear dielectric complex function ¢ = ¢’ —i€” is placed
inside the resonant cavity of frequency wy = 27y, the dielectric contribution of the average
power absorption par unit volume is given by

1
P = §onff€", (3.5)
where F; is the amplitude of the microwave electric field at the sample. The power absorp-

tion at resonance will manifest itself as a change in @ of the cavity,

1 1 1

= = (3.6)

Q QO Qe’
where @Qp is the Q of the cavity in the absence of resonant absorption and Q). is the contri-
bution of the resonant absorption to the @. This quantity Qo includes cavity losses plus the
magnetic and conductive losses in the sample. At resonance, the ) changes by an amount

AQ:

AQ = —Q2A<%) - —9@%, (3.7)
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Figure 3.3: Schematic view of the cavity resonator and the position of the sample. The
cavity is made of copper waveguide of WRI-320 (JIS; WR-28 in EIA), whose inner cross
section is a rectangle of 7.11 mm x 3.56 mm. The resonance frequency of the cavity is 35.1
GHz without load. The samples can be placed at two positions where (a) Ey or (b) H g is
maximum. The insets show the geometrical relation between the sample and microwave E
and H vectors The solid and thick arrow denotes incident microwave.
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Figure 3.4: A microwave cavity and LCR equivalent circuit. Right panel shows a cavity with
T Eyp2 mode, which is employed in this study. The notation follows Fig. 3.1.

where we assume Q. > @ and 1/Q. off resonance is neglected. As defined by Eq. (3.3), Q.
has the form .
oo (1/2) -’;:avity Erfdv

Qe = . 3.8
(172 Fumpie B2V 5
If €” is homogeneous over the sample volume, then one has
* € [ BV gty ;

where 7 is the filling factor. The filling factor is a measure of the fraction of the microwave
energy that interacts the sample, and explicit values of 7 are given in Sec. 5-H of Ref. [7] for
commonly used sample arrangements. Equations (3.7) and (3.9) furnish the change in Q:

AQ = €"n@Q3, (3.10)

where the negative sign is omitted for simplicity.

Detection of dispersion In the preceding paragraphs the change in @) that results from
the behavior of the absorption or the imaginary part of the dielectric function €” at resonance
has been discussed. During resonance there will also be a dispersion mode that corresponds
to a change in the frequency of the resonant cavity as a result of the real part of the dielectric
function €’. The reason for this frequency change may be deduced by considering the velocity
v of electromagnetic radiation in a dielectric medium

v= e VA, (3.11)

VHo€




42 CHAPTER 3. EXPERIMENT

with a permeability in a vacum po, where € and p are considered to be real. In a resonant
cavity the wavelength A (or the guide wavelength },) is fixed by the dimensions of the
resonator. As a result, if € is changed by the amount Ae and losses are neglected (i.e.,

¢" = 0), then the frequency will change by

Av = A—\}_ﬁg[% - ﬁ] (3.12)

At resonance, € = ¢ + i€” changes both its real and imaginary parts in conformity with
the Kramers-Kronig relations

€(w) = €(o0)+ %/000 g—%d{u', (3.13)
Mgy = —2?“’ I %({’O—)w. (3.14)

These relations are very important physically because they ensure that the amplitude of the
observed signal from ¢ will be comparable to that observed from €".

In this study, the klystron is stabilized on the sample resonant cavity by an automatic
frequency-controller (AFC), so that it will “follow” the frequency variations, and the disper-
sion mode will be stabilized out. If a homodyne or balanced mixer detection is employed to
vary the effect of line in front of the resonant cavity easily and effectively, then the dispersion
mode can be observed and the phase information of the resonance is extracted from it.

Krystron, detector, and the other microwave components

A reflecting type of krystron 36V12 fabricated by Okaya Electronic Industries Co. Ltd.
was employed as a microwave generator. It can output high-power microwave of 600mW
at maximum, in the frequency range from 33 to 38 GHz. In the practical experiments, we
have to choose a stable mode, whose output power may be less than half of the maximum.
Moreover, the radiated microwave is attenuated by waveguides, the variable attenuator, and
the other components, so that the incident power into the cavity may be roughly estimated
at several tens mW without calibration.

A semiconductor detector (Model WDP-22, Farran Technology Ltd.) was used for mi-
crowave detection. The detector mounts zero biased Schottky barrier diodes, and has mini-
mum sensitivity of 750 mV/mW in the range of 33-50 GHz.

The other components constructing the bridge circuit such as an isolator and an attenu-
ator are not explained in detail because of simple functions of them [7].

3.2.2 Magnet, cryogenic system and goniometer

Two superconducting magnet systems with variable temperature inserts are used throughout
this study, one is installed at NRIM and other is installed at University of Tsukuba. Both
of the magnets are driven by magnet power supplies (Model 622, LakeShore Co. Ltd.) and
produces horizontal magnetic filed, the maximum fields are 6 and 8 Tesla for the former and
the latter, respectively.

The temperature of the sample is monitored by a Cernox® temperature sensor which
placed just above the cavity and is controlled by a PID temperature controller with a heater
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wounded to the waveguide close to the cavity. Cooling of the system was made by flowing
cold gas from the liquid helium bath through the needle valve.

Since the external magnetic field is horizontal, we can change the direction of the field
against the specimen quite easily by making use of one-axis high-precision goniometer fab-
ricated by Optec Co. Ltd. Its angular resolution is designed as fines as 4.0x107% degree.

The obtained data transported to a personal computer via GPIB (General Purpose In-
terface Bass) are displayed at the monitor of the computer with Microsoft Windows® and
stored in its hard disk. The computer also carries out the measurement sequences by original
programs which control the instruments such as digital multimeters, a magnet power supply,
and a temperature controller. The programs were designed by the author with LabVIEW®,
which is graphical programming software copyrighted by National Instruments Cooperation,
and enable us to measure automatically with varying several parameters; the external field
direction, temperature, etc.

3.3 Sample preparation

Single crystals of Bi;Sr,CaCusQOsg.5 (crystal structure is shown in Fig. 2.7) used in this study
have been grown by means of the traveling solvent floating zone (TSFZ) technique [8]. This
technique has advantages in comparison with other techniques such as top seeded solution
growth and flux-method, which are often used for the single crystal growth of oxides. The
reason this is that the TSFZ method can overcome a problem of uncontrollable doping process
of cationic elements as well as oxygen, which is essential for high-T, superconductivity. By
the same token, the Czochralski method is very difficult to obtain high quality single crystals.
The single crystals were grown in air with the growth rate of 0.5-1 mm/h using an infrared
convergence type of floating zone furnace [9]. The as-grown boule can be easily cleaved into
thin slabs of single crystals with ab plane and the slabs are cut by sharp knives and further
cleaved by adhesive tape into proper sizes.

Several samples with columnar defects used in Chap. 5 are irradiated with heavy ions
such as I%* and Xe3!* generated by a tandem Van de Graaff accelerator, which is installed
at Japan Atomic Research Institute (JAERI), Tokai. The density of defects is determined
by exposed time and calibrated by a detector located behind the specimen.
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Chapter 4

Mode separation of the Josephson
plasma

4.1 Introduction

The electromagnetic resonance due to the plasma oscillation in a microwave frequency re-
gion was discovered by Tsui et al. [1]. in the surface impedance measurement of the ab plane
of BizSroCaCu20s45 in a perpendicular external field (Heyllc). Subsequently, Matsuda et
al. [2] observed a sharp resonance by the experiments in a perpendicular oscillating electric
field (Ex|lc) with a cavity resonator. They interpreted that this resonance is due to the
Josephson plasma resonance as suggested by Bulaevskii et al. [3]. In those studies, it is also
shown that the absorption line intensity, the width, and the position behave in a complicated
fashion as functions of the external field H,, the microwave frequency v, and the temper-
ature 7', suggesting the existence of a strong coupling between the plasma modes and the
vortex state. Since then, several theoretical [4, 5, 6] and similar experimental [7] works on the
Josephson plasma phenomena, in Bi;SroCaCusOgs have been reported. Similar absorption
phenomena have also been observed in Biy(Sr,La),CaCu,0, [8], and in an organic super-
conductor k-(BEDT-TTF),Cu(NCS), [9]. These materials are also well known as layered
superconductors which have arrays of SIS Josephson junctions similar to Bi;SroCaCuyQOgys.

A fundamental question has arisen from the recent theoretical studies. Since there exist
two plasma modes, longitudinal and transverse, as collective excitations, the question is
which mode has been observed experimentally. According to the theory, the two modes have
very different dispersion relations: the longitudinal plasma mode (k||c) has a characteristic
flat dispersion, whereas the transverse one (k_Lc) shows a strong dispersion which tends to a
linear dependence for £k — oo [10]. As a result, the line shapes of the resonances are expected
to differ considerably: for the longitudinal mode, it should be sharp and almost symmetric,
while the resonance of the transverse mode has a broad and asymmetric line shape because
of the long tail on the higher field side of the resonance. In order to examine the character
of the two modes, experiments have been performed with various configurations of sample
position and microwave fields, E; and H . From these experiments, it is concluded that

1A large part of this chapter has been already published as I. Kakeya et al., Phys. Rev. B 57, 3108
(1998).
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the resonance observed in the case of Eil|/c is not the transverse plasma mode but the
longitudinal one [11]. This conclusion contradicts earlier ones, [2, 3] which identified it as
the transverse mode.

In this chapter, we discuss in detail how to distinguish the two modes experimentally by
using two configurations of plasma excitations were found to be important among several
possible configurations of microwave Ey and H s vectors and the crystallographic axes of
the sample: one is the case E||c and the other is the case H}|ab. Two plasma modes can
be generated separately and independently by these two experimental conditions. The dis-
tinction of the two modes is done by making use of the sample size dependence of the plasma
resonance: for the transverse mode excited in the configuration of H|/ab, a systematic shift
of the resonance field was observed as a function of the sample size L in the ab plane, while
for the longitudinal mode, it is independent of L according to the theoretical prediction [12].
This sharp difference of the sample size effect is expected from the characteristic dispersion
relation of the transverse mode.

This clear experimental evidence for two distinct plasma modes leads to an interesting
corollary concerning a fundamental aspect of the superconducting phase transition. As is
well known in the theory of phase transitions with the spontaneous symmetry breaking,
the phase symmetry of the gauge field is spontaneously broken with the appearance of
the superconducting phase. The collective excitations associated with the broken phase
symmetry in a superconductor are known to be the longitudinal plasma mode, which is the
Nambu-Goldstone mode [13, 14, 15, 16]. Therefore, the distinction of the two plasma modes
made in the present experiments gives direct experimental confirmation of the existence of
the Nambu-Goldstone mode in a superconductor [17]. The plasma mode in a charged system
such as conventional superconductors has an energy gap of the order of eV. Thus, as pointed
out by Anderson, the Nambu-Goldstone mode has never been observed experimentally in the
past. Furthermore, the observed energy gap of the plasma mode proves directly the validity
of the Anderson-Higgs-Kibble [18, 19, 20] mechanism for superconducting phase transition.

4.2 Experimental details

All experiments were performed at 35 GHz. A rectangular cavity resonator with TEj52 mode
was used as described in Sec. 3.2.1. The measurements were performed for two samples.
Superconducting transition temperatures are 90 and 84 K for sample A and B, respectively.
This was checked after all measurements were done by magnetic-susceptibility measurements
in a superconducting quantum interference device (SQUID) magnetometer. Both samples
are rectangular thin plates with thickness about 20 ym. Sample A was carefully cut in
several steps using a sharp knife from the initial size of 2.8 mm x 2.5 mm to final size of
0.73 mm x 0.72 mm. At each step, resonance experiments with varying temperature were
carried out for different configurations of the sample (both E\¢|lc and H¢||ab). The sample
was placed at two positions in order to have the two different configurations shown in Fig.
3.3. In the first case, the sample is placed at the position where E s is maximum and E
and H,,; are parallel to the caxis on the sample stage made of Teflon (position(a)). This
configuration is same as in previous experiments [2, 11]. In the second case, the samples
are glued on the H plane of the cavity with grease so that H . and H,,; are parallel and
perpendicular to the ab plane, respectively (position (b)).
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4.3 Experimental results

4.3.1 Resonance absorption in a perpendicular oscillating electric
field

For both samples, a sharp plasma resonance is observed. As an example, typical resonance
lines of sample A are shown in Fig. 4.1, where the absorption is shown as a function of
H.,;, applied parallel to the ¢ axis, for various temperatures below T.. The resonance line
begins to appear just below T, near zero field and the resonance field shifts to higher field as
temperature is decreased. The resonance field shows a maximum around 25 K and decreases
again as temperature is decreased. At temperatures lower than 25 K, the resonance line tends
to show considerable hysteresis with field increase and decrease. It is noted that the hysteretic
resonance line below 25 K shows relaxation behavior, indicating that the nonequilibrium
magnetic properties are involved in this phenomenon. This hysteretic behavior is clearly
seen in the data at 15 and 20 K in Fig. 4.1.

Another feature seen in Fig. 4.1 is that the resonance line shape is almost symmetric with
a slight tail on the higher field side. This behavior contrasts with that for the case of H ||ab
as described below. All these behaviors are very similar to the previous results obtained
in the same condition [2, 11]. When the sample dimension in the ab plane is reduced, the
position of resonance line does not move in this configuration (E||c). This experiment was
carried out on sample B whose dimension in the ab plane was varied from 1.8 to 0.79 mm,
the lines are shown in Fig. 4.2.

4.3.2 Resonance absorption in a parallel oscillating magnetic field

Resonance absorption at various temperatures below 7,=90 K is shown in Fig. 4.3 at 35
GHz with H ||ab (see the inset of Fig. 4.3). The same sample as the one used for E; is used
in this measurement by changing the sample position inside the cavity after each cutting for
the case of sample B. The spikelike lines at 12.48 kOe are due to the ESR signal of DPPH
(1,1-dyphenil-2-picryl hydragyl) as a field marker. The sample was a rectangular shape,
1.46 mm x 2.40 mm %28 pym, in this particular case. In this case, two distinct peaks with
different characters were observed: the resonance at the lower field is sharper and relatively
weaker, while the one at a higher field is broader and stronger in absorption intensity. These
characteristic features of the two lines for H|lab are in sharp contrast with the one in the
case for Eyl|c, where only a single line is observed regardless of the sample dimension L.
The number of lines are determined as a function of the sample dimension for H ||ab. In
the case of larger sample dimension L, we observed multiabsorption lines (more than two).
We have chosen the sample to be as large as possible for this experiment but it is restricted
by the dimension of the cavity and the field homogeneity inside the cavity as seen in Fig.
3.3.

When the temperature is varied from 4.2 K, both resonance lines shift toward higher
fields up to about 25 K, then turn to decrease to lower fields drastically. Below 25 K, the
resonance curve shows the hysteretic behavior as seen in Fig. 4.3. It seems experimentally
that such a temperature dependence of the resonance lines is common for both cases in
H ||ab and in Eyl|c. This behavior, in particular, for the case of Hl|ab is plotted in Fig.
4.4, where the sharp maximum of the resonance field as a function of temperature can be
seen. These maximum positions reproduce very well the irreversibility line as pointed out
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Figure 4.1: Temperature dependence of the resonance line of sample A in the configuration of
E¢||H exs||c. The incident microwave frequency is 34.68 GHz. The shape of the resonance line
is almost symmetric and has a only slight tail at a higher field side, which is the characteristic
feature of the longitudinal plasma mode. The resonance field is maximum around 25 K and
decreases as temperature increases approximately in proportion to 1/7. The inset shows the
plotted results of the resonance field (solid circles) and the linewidth (open triangles) as a
function of temperature.
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Figure 4.2: The resonance lines of sample B for various size of ab plane when the oscillating
electric field is applied perpendicular to ab plane. The resonance peaks do not move despite
the size being changed. One side of the rectangular specimen is varied by cutting with
knife, and other side is kept constant of 1.14 mm. Asymmetric and hysteretic shape of the
resonance is due to power saturation.




52 CHAPTER 4. MODE SEPARATION OF THE JOSEPHSON PLASMA

T T r T T [ T T T T TrT

v=35.03GHz
H,_
90K
70K ’\

|

5

8

= 35K

2

a

o

a

< 25K
,j\‘ T=15K

[kOe]

l!t

Figure 4.3: The resonance absorption of sample A for a fixed dimension of the ab plane
at 35.0 GHz. The oscillating magnetic field (H ) is applied parallel to the ab plane. In
this particular sample dimension, two transverse Josephson plasma resonance peaks can be
observed. A sharp and rather symmetric resonance is observed at lower field, whereas a
broad and asymmetric resonance is seen at a higher filed. A small and sharp spike at 12.48
kOe is due to ESR signal of DPPH as a magnetic field reference marker. The inset shows
the sample geometry with configuration of microwave H vector and the external field.
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Figure 4.4: Temperature dependence of the transverse Josephson plasma resonance field for
three different dimensions of the ab plane, 2.5 mm, 1.94 mm and 1.46 mm. Dotted and solid
lines are the guide to the eye.

previously [1]. In this figure, the temperature dependence of the resonance lines for two
other sample dimensions are also added.

The observed absorption lines at 25 K at various sample sizes are displayed in Fig.
4.5. Here, L, as shown in the inset of Fig. 4.5, is the sample length along the direction
perpendicular to H,s, which is varied, and the length along the parallel direction L) to H ¢
is kept constant for all L. In this condition, the peak at higher field shifts to higher field
as L, is reduced and the peak position sharply diverges at the critical length of L*. The
sample dimension L, is actually changed from 2.50 to 0.737 mm. The largest size is limited
by the cavity size. In contrast, the lower resonance does not move despite changing the
sample size. We note that the resonance absorption at the lower field remains at the same
field, similar to the one for E||c, although the intensity decreases as the size is reduced.
We have checked the influence of the L; on the resonance field H e for the case in H||ab.
It is experimentally confirmed that the resonance line did not shift at all.

As seen in Figs. 4.3 and 4.5, the characteristic feature in the case of Hl||ab is the line
shape. The lower field line is sharp and has more or less a symmetric line shape, in strong
contrast to the higher field line, which exhibits broad and rather asymmetric line shapes
with a strong tail at the higher field side. When the sample size is reduced to the critical
dimension L*, the resonance line shifts sharply to the higher field side and becomes extremely
broad, then disappears at L*. Although the higher field resonance line is influenced by the
dimension, the lower field line does not shift at all. The smallest sample dimension in this
case was L=0.737 mm, limited by the detection limit of the resonance intensity.
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Figure 4.5: The absorption lines observed in sample A at 25 K at a various sample dimensions
of the ab plane. The detailed sample geometry as well as the configuration between microwave
H and external field Hey; is shown in the inset. The sample size is reduced along one
direction step by step, and the length along the other direction is fixed at 2.4 mm. The broad
resonance at a higher field shifts to higher fields as L decreases, while the sharp resonance
at the lower field does not move. The absorption intensity decreases as L is decreased.
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4.4 Discussion

In this section, we will discuss the nature of the resonance which is observed under two
different configurations, E||c and H||ab. We take the z and y axes in the ab plane and
the z axis along the c axis of the samples in the following discussion.

4.4.1 Plasma excitation with a perpendicular oscillating electric
field: longitudinal plasma

As described in Fig. 3.3, the sample is placed at the center of the cross section of the cavity
at a distance \y/4 above the bottom of the cavity. In this case, the oscillating electric field
E; acts uniformly on the sample. (The inhomogeneity of the E in the sample with 1 mm
X 1 mm size is estimated to be less than 5% over the sample.) Moreover, it is advantageous
that, in this cavity mode, the electric vector E can be separated from the magnetic vector
H ; without complication. This condition cannot be met by other cavity modes such as the
cylindrical ones. If the external electric field E,¢ is uniform in the ab plane, we can assume
that the phase difference between the layers is also uniform in the direction parallel to the

layers.
As discussed in Sec. 2.4.3, such excitation is generated as the longitudinal plasma, which

has the dispersion relation;
wi(kz) = wpy/1 + eu2k2. (4.1)

As mentioned before eu? < 1 is satisfied, so that the dispersion can be neglected. Although
the excited plasma is represented by the superposition of the standing waves with wave
number k3,41 = (2n+1)7/d, with n and d being integer and the thickness of the sample, the
longitudinal plasma resonance has a sharp and little asymmetry of the line shape because
of the dispersionless character of the longitudinal plasma expressed by Eq. (4.1). Similar
results have been reported earlier by Bulaevskii et al. [21] for arbitrary k, although they do
not take into account the charge screening effect seriously.

In our experiment, d is fixed for all L, and wy, is not sensitive to k,, ensuring the flat
dispersion. Therefore, wy, changes little unless d varies drastically close to L*. Experimental
results [1] indicate that the plasma frequency w, depends on H, as wpocHe;i/ 2, which
enables us to rewrite wy, /wp as (Hex/Ho)Y?, where Hy = I'?/w? is the resonance field. Using
this equations, it is found that the resonance field is also independent of L. The observed
resonance field is indeed independent of L within the experimental error. This agrees with
the theoretical predictions discussed above.

4.4.2 Plasma excitation with a parallel oscillating magnetic field:
transverse plasma

Let us consider a layered system whose dimension is L along the z axis and infinity
along y and z axes as displayed in Fig. 4.6. When Hys is applied parallel to the y
axis with uniform intensity within the ab plane, the screening current j is induced. As
a result, the electric field F is formed in accordance with the London equations and the

Maxwell’s@bookMaxwel,’author="s equation” as follows:
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Figure 4.6: Schematic diagram of the crystal with microwave component H|ly for the
transverse plasma excitation. The solid arrows indicate the hypothetical external current
(Jext) induced by Hys. The current parallel to the ¢ axis penetrates much deeper than the
one parallel to the ab plane because A./A, is as large as 1000 in BiySroCaCuy0g,s. This
current along the ¢ axis drives the oscillating electric field of E.¢, which excites the transverse
Josephson plasma.

4r . €0
VxB= ?(J = O'qp.E) + EaE, (43)
10 .
VxE= —EEB, (44)

where j = (0,0,5;), A = (0,0,4;), B = (0,B,,0), and E = (0,0,E;). The normal
mode of the electromagnetic wave inside the superconductor can be obtained by setting
B, « exp[ikz —iwt] into the Maxwell’s equations (4.3) and (4.4). As a result, the following
condition has to be satisfied:

1 drn

B + 35 — —iwog - %wz =0, (4.5)
Cc

where k is defined as k = k' + k" = (w/c)y/e(w). Since B, must satisfy the boundary
condition at £ = +L/2 as B(+L/2) = Hy, B, can be obtained as

tkz —ikz
= ]| €€
s fne [eikL/2 & e-:‘kL/2]' (4.6)
Therefore, the electric field E, can be displayed as
T
B, = —i [ Byds
_ wHy [ e*t -tk
- Tk [eikL/2 45 e—ikL/z] : (4.7)
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The power absorption p = f_L,/jz dz(Rej - ReE); can be rewritten as

-2 o dz|E,|?
p - 20@[_L/2 xl zl 9
_ LH2 Ogp (sinhk”L/k"L—sink’L/k’L)

2 cosh k"L + cos k'L

2 "e(w) (48)

where ¢(w) = €(1 — w?/w?) +4miog/w. Since the resonance peaks originate from the pole of

Eq. (4.8), this condition yields either e(w) = €(1 —w2/w?) = 0 or 1+ cos((w/c)y/e(w)L) = 0.
The former equation leads the fundamental resonance at w = w,, while the latter equation
gives the multiple resonance at the frequencies given as

wi 1 _
;3_1_[(2"‘1)”]2 n=1,2,...). (4.9)
VeL/(c/w)

As mentioned before, we can rewrite w?/w? for H/H,, thus the resonance field is determined
by Eq. (4.9),

H, 1
CO [ (410
VeL/(c/w)

where Hy denotes the resonance field of the large L limit. This implies that the multiple-
resonance lines may be observed, depending on the sample size L. For instance, double
resonance lines are observable with condition of 4.05mm < L < 6.75mm for ¢ = 10 and
w/2m = 35 GHz, whereas a single resonance is expected in 1.35mm < L < 4.05mm. It is
noted that there is only a fundamental mode when the sample size is smaller than 1.35 mm.

Figure 4.7 shows the experimental results of the resonance field as a function of L for
two orientations of the H s with respect to the a and b axes. The resonance lines for both
configurations of H,s show the sharp divergent behavior as the sample size is reduced. The
solid lines are the fitted curves using Eq. (4.10) with a single parameter €. As seen in Fig.
4.7 the agreement between the experimental results and the fitted curve is excellent. From
this analysis the value of € = 8.47 is deduced for H «||a.

4.5 Conclusions

The author has measured the Josephson plasma resonance as a function of the sample size L,
and characterized the longitudinal and the transverse plasma modes. It is of importance to
stress here that the two plasma modes were experimentally separated out and were identified
independently.

The longitudinal plasma is excited by a perpendicular oscillating electric field (E||c),
exerted uniformly in the ab plane. Since the resonance field, which is equivalent to the
Josephson plasma frequency, is independent of the dimension in the @b plane in this case,
the longitudinal plasma, which propagates with the wave vector k perpendicular to the
layers, is actually independent of |k

In contrast, by applying the parallel oscillating magnetic filed (H||ab), the transverse
plasma can be generated, which propagates parallel to the ab plane. Therefore, the Josephson
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Figure 4.7: The resonance field diagram for sample A as a function of the sample size L
at 35 GHz and 25 K. The solid symbols indicate the transverse plasma resonance, which
shows divergent character in the case of H||ab, and solid lines indicate the fitted results
by Eq. (4.10). The open symbols represents the sharp resonance field which appears at the
lower filed. The horizontal dotted line is put as a guide to the eye. The inset displays the
same diagram for sample B in which the size dependence of the resonance in E|c was also
measured.
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plasma resonance observed in this configuration strongly reflects the dispersion relation. This
results in the appearance of the strong ab plane size dependence. The shift of the resonance
field by reduction of L is quantitatively explained by Eq. (4.10) with a single parameter e,
and is in good agreement with the picture of the layered superconducting system with finite
size of the plane [12]. The result of the fitting gives the value € = 8.47. This good agreement
ensures that the theoretical model used here is appropriate to describe the Josephson plasma
phenomena. This sharply contradicts the approach given by Bulaevskii et al. [3, 4, 5, 21],
who do not take into account the charge screening effect in their treatment, although the
final result is almost identical. This charge screening effect is the most essential difference in
the layered system such as Bi;SroCaCu,QOgs in comparison with the conventional Josephson
junctions.

According to the concept of the spontaneously broken symmetry, the symmetry of the
phase degree of freedom of the gauge field is broken in the superconducting transition [13,
14, 15, 16]. The longitudinal plasma mode is the collective excitation mode, also called the
phason mode or the Nambu-Goldstone mode [17]. However the transverse plasma mode is
not the Nambu-Goldstone mode in a superconductor.

In a conventional superconductor, the plasma modes (both longitudinal and transverse
mode) have an energy gap, which is of the order of eV, far beyond the superconducting
energy gap of a few meV. This energy gap was predicted by Anderson [13], who took into
account the long-range Coulomb interaction effect in the theory of superconductivity. The
energy level is identical to the plasma energy in the normal state, which lies at such high
energies that the excitation mode cannot be distinguished from the quasiparticle excitations
with the strong Landau damping. Therefore, there has been no experimental confirmation
of the plasma mode in a superconductor, especially the longitudinal plasma mode (Nambu-
Goldstone mode).

The Josephson plasma mode is nothing but the superconducting plasma mode associated
with the Josephson Cooper pair tunneling through insulating layers and has been proved to
exist in the present high-T, superconductor Bi,SroCaCuyQOg.s [5, 10, 17]. As explained in
Sec. 4.4, we were able to separate the two Josephson plasma modes experimentally. This
enables us to identify the longitudinal Josephson plasma mode separately from the transverse
one. This was experimentally carried out by measuring the sample size dependence of the
resonance, which is derived from the difference in the dispersion relations of the two modes.
The experimental result agrees very well with the theoretical prediction as described in Sec.
4.4. Therefore, it is concluded that we have experimentally confirmed the existence of the
Nambu-Goldstone mode in a superconductor, which has a finite gap as described by the
Anderson-Higgs mechanism [16, 18, 19]. We also note that although the Carlson-Goldman
mode [22] in a conventional Josephson junction was shown to be the Nambu-Goldstone mode,
the excitation is only possible with strong coupling between Cooper pairs and quasiparticles.
Therefore, this excitation may be only observable in the very vicinity of 7.
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Chapter 5

Josephson plasma in the vortex state

5.1 Introduction

Physics of high temperature superconductors have widely attracted much interests of a great
many physicists during past 10 years after the unprecedented historical discovery of the phe-
nomena by Bednorz and Miiller [1]. Although this phenomena is fascinating and leaving
us opportunities to have been room temperature superconductors, no clear answer is yet
established to be as the mechanism of high-T, superconductors. Besides the fundamental
mechanism to the superconducting state is also bizarre enough in comparison with the con-
ventional knowledge of superconductors. Large critical current densities and extremely high
H_, (later to be replaced to the irreversibility line Hi,) are most attractive features in the
properties of type-II superconductors, especially for practical applications. However, it has
been found shortly that these features are lost at higher temperatures, the superconducting
state easily become sensitive even in a small magnetic field. Much effort and a number of
approaches have been tried to understand such features on the basis of conventional flux dy-
namics without much success. This is because of neglecting the fundamental aspects of high
temperature superconductors: short coherence length and layered characteristic structure.
These two physical properties are essentials to understand correctly the nature of vortex
state in high temperature superconductors. As a consequence, the vortex phase diagram in
type-11 superconductors has been renewed entirely and reinterpreted. Such a revolutional
transition in physics after 50 years of its establishment is rare and unprecedented in the
history of physics.

The research of the vortex state in high-T, superconductors is now one of the current
subject being most important in the field of solid state physics. Macroscopic properties such
as magnetization, critical currents, and resistivity have been studied based on an appropriate
model for high temperature superconductors, which needed to be confirmed by microscopic
experimental means, neutron scattering and muon spin rotation (uSR) techniques, for ex-
ample. These are not easy at all. The Josephson plasma resonance is a unique experiments
to provide microscopic informations as briefly explained in the previous chapter. This is
our purpose to describe the results of Josephson plasma resonance in the vortex state of
BigSIgC&CUzOg.Hs (BSCCO)

We have performed the Josephson plasma resonance experiments in the vortex state of
highly 2D-like layered superconductor BSCCO with a special emphasis on the magnetic field
orientation and two strengths of pinning forces. The applied magnetic field is rotated in
the plane which includes the ¢ axis. Samples used in the present experiments are pristine
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crystals and irradiated samples with doses equivalent to the magnetic field of By = 0.2, 0.5,
and 2T, in which columnar defects penetrated through the sample along the ¢ axis. This sort
of defects are known to give enhancement in the vortex pinning, whose mechanism studied
by the Josephson plasma resonance as a excellent example.

The most powerful idea is the relation to the gauge invariant phase difference between
two adjacent layers [2, 3, 4, 5];

1

T (5.1)

(cos @pe41) o

where g4+, is the gauge invariant phase difference between the £ and £+1 th layers. Here, p is
estimated to be 0.7 — 0.8 in lower temperature range and 0.9 - 1 in higher temperature range.
This reation is not valid, especially in the vortex solid phase, and may be extented with a
serious modifications. We also note here that the Josephson plasma resonance is observed
even in H || ab, where the physical picture shown in Eq. (5.1) is no longer applicable. A
possible mechanism for the resonance in such a case will also be discussed later.

The plasma resonance in oblique or parallel magnetic fields to the superconducting CuO,
plane has been reported in samples without or with columnar defects. There are also some
experimental reports for angular dependence of the resonance including results in a parallel
magnetic field (H || ab) [6, 7, 8]. The Josephson plasma resonance in a parallel or a slightly
tilted field is a very interesting phenomena in strongly two-dimensional layered supercon-
ductors such as BSCCO. In an ideally parallel field, no pancake vortex which drives the
Josephson plasma resonance in a perpendicular field exists since vortices penetrate into the
insulating layers as “Josephson vortices” not the superconducting layers. It is not clear yet,
on the other hand, as to what dynamical mechanism causes the resonant absorption ob-
served in the parallel magnetic field, although there have been theoretical arguments on this
particular situation [9, 10]. We discuss experimental results in comparison with theoretical
predictions.

The Josephson plasma resonance measurements in BSCCO with columnar defects have
been also reported by several authors [11, 12, 13]. Although they presented the temperature
dependence of the resonance with columnar defects and gave qualitative analyses, there are
no systematic physical picture which connects the behavior of the Josephson plasma res-
onance in pristine and irradiated BSCCO samples quantitatively as a function of pinning
strength. We propose a unified picture to account for the plasma resonance phenomenolog-
ically by considering the effective anisotropy parameter « in the scalling approach, where
the a value is astrong function of the dose of the columnar defects. Finally, we mention
that the Josephson plasma phenomenon is a very useful mean to study the nature of the
quasi-particles in order to understand the dynamical features of superconducting electrons.
Although this is another fascinating subject to be discussed, we focused on the subject of
the vortex state and leave a possibility to describe it for the another occasion.

In this chapter, we demonstrate our experimental results of the Josephson plasma reso-
nance in various sample with and without columnar defects. Here, the angular dependence
in different amount of doses is a point of main concern. Moreover, the plasma resonance in
external fields in a vicinity of the ab plane is investigated in detail, in order to establish qual-
itative pictures of the Josephson plasma resonance in a parallel or slightly tilted fields. The
basic picture of the vortex state in high-7, superconductors is shown before the experimental
details and the arguments.
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Figure 5.1: The magnetic field-temperature diagram of high-T, superconductors. The
hatched ellipse indicates a pancake vortex. The substance is perfectly diamagnetic and
no vortex penetrates in it in the Meissner state. Above H,, the penetrated vortices form
a triangular lattice below the melting line, and the pancakes stuck along the ¢ axis. In the
vortex glass state, although the vortices are not ordered to the regular lattice state, the
arrangements of vortices is highly disordered due to pinning effect by pining centers which
are distributed randomly. In this state, the vortices are ordered in a “glassy”solid phase.
In the fluctuating state, the vortices are freely mobile just as liquid without having the
translational symmetry. This state is no longer superconducting state, i.e., it is the normal
state. The upper-right figure is the phase diagram of conventional type-II superconductors.
In their “mixed” state, the vortices form a triangular lattice above the lower (H,) below
the upper (H,) critical fields without serious fluctuations.

5.2 Vortices in high temperature superconductors

5.2.1 Field-temperature phase diagram in high temperature su-
perconductors

The most striking development after the studies towards the more appropriate picture of high
temperature superconductors in magnetic fields is a drastic revision of the field-temperature
phase diagram of the vortex state in type-II superconductors. Although the vortex state
is considered starting from a simple triangular (Abrikosov) lattice in the mixed state of
conventional superconductors, it is not the case in high-T, superconductors. Many new
names for the new vortex states have been created; pancake vortex state, vortex glass state,
and state with superconducting fluctuations etc.

The phase diagram of high-T, superconductors when a magnetic field is applied parallel
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to the ¢ axis (H || ¢) is shown in Fig. 5.1. We remind that this is not the case for the “pure”
samples (pure single crystal) but the case with small amount of weak disorder, which cannot
be removed experimentally. The essential points are as follows:

e The upper critical field (H,2) line which had been believed as a distinct phase line sep-
arating the normal and the superconducting states is no longer a clear phase boundary
but is a crossover.

e The vortex system having a triangular lattice at low temperatures and low fields loses
the translational symmetry at T, below T, accompanied by the first order phase tran-
sition. This transition is called the vortex lattice melting transition®.

e The formation of a rigid vortex lattice ensures the authentic superconducting transi-
tion.

e The melting transition is a first order phase transition, but can be a second order
transition in the presence of disorder. This triggers the appearance of the vortex glass
state in the lower temperature and higher field region.

The phase diagram indicated in Fig. 5.1 is not for the ideally pure system but for a practical
substance with weak pinning centers. The boundary between vortex glass and supercon-
ducting fluctuating states is still obscure. It is yet controversial as to what is the nature of
this phase transtio.

Since most of high-T, superconductors, especially for BSCCO, have layered structures
which involve the Josephson coupling in the unit cell as described in Sec. 2.4, the super-
conducting order parameter spatially inhomogeneous. This fact provides the characteristic
properties of high-T, superconductors, and make the phase diagram further complicated.

Disappearance of the upper critical field

The phase diagram of the type II superconductors has been thought for a long time to be
established in the form as shown in the inset of Fig. 5.1. The superconducting phase
is sharply separated from the normal state by the upper critical field H,. In high T,
superconductors this sort of phase diagram has been in doubt since there is no clear phase
line to distinguish the normal and superconducting phase. It turns out after several years
study of the vortex state that the upper critical field H., does not exist not only for high-T,
superconductors but also for conventional ones in the strict sense [19]. It is surprising that
such a misinterpretation has been accepted for more than half century since the discovery
of the type-II superconductors. The mixed state of the conventional superconductors is
well described by the Ginzburg-Landau theory and the mean field approximation is very
effective for conventional superconductors. In the mean field treatment, H, appears as a
second order phase transition, and its fluctuation of conventional type-II superconductors is
so small that the effect is negligible. This is in fact an extremely good approximation. The
shift in temperature due to the fluctuation effect is practically obtained by the Ginzburg
criterion as [20]

(5.2)

1&g [ ks :
T. ~ = 32n2[ACE%(0)&(0)] °

1The vortex lattice transition is confirmed by Zeldov et al. [14]. They observed a sharp discontinuity in
the local magnetization measurement by micro Hall probes glued on the surface of the BSCCO single crystal.
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Ew[A] &[A] AC[J/molK] T,K] AT[K] Reference

Nb 380 15 9.23 82x10-1 [15, 16]
YBCO 147 2 46 92 0.2 [17, 18]
BSCCO 24 1 0.65 87 10 [18]

Table 5.1: The Ginzburg-Landau coference lengths and the fluctuations at T, derived by Eq.
5.2.

where kp is the Boltzmann constant, AC is the jump of the specific heat at T,, and &,;(T)
and & (T') is the Ginzburg-Landau coherence lengths for ab plane and c axis, respectively.

For example, the typical values of some parameters and the fluctuation region AT =
T —T. obtained from Eq. (5.2) for Nb (an example of conventional type-II superconductors),
YBa;Cu30; (YBCO) and BSCCO are summarized in Table. 5.1. The fluctuation of Nb is
negligibly small, but those of high-T, materials, YBCO and BSCCO, are considerably large
therefore it is easy to conceive that the superconducting fluctuations play an important role
in the thermodynamical quantities in a wide range around 7,. The extremely short coherence
length, which means that there are few number of the interacting superconducting electrons
in a coherent volume V,on = €4, (NE, = N® X Vi, =~ 0.8 for BSCCO with N* being the
supersonducting electron density), provides this noticeable difference of the superconducting
fluctuation as indicated in Table 5.1.

The fluctuating region is enlarged by applying a magnetic field as the following:

(5.3)

T ksH 123
TE S [AC%&(O)] !

with ¢ being the flux quantum. Substituting the values in Table 5.1 into Eq. (5.3), AT ~ 2.2
and 15 K are obtained at H = 50 kOe for YBCO and BSCCO, respectively. The reason why
the superconducting fluctuation is enhanced by externally applied magnetic field is that the
effective number of electrons in V., is further reduced because the magnetic field suppresses
the motion of superconducting electrons in the Landau orbits. In the region around H,, the
properties of high-T, superconductors is dominated by the superconducting fluctuations and
the phase transition is dimmed as described above. In this state, the long-range order of the
vortex system is absent. Therefore, this state is equivalent to the normal state. The true
superconducting ordered state cannot be realized neither having perfectly diamagnetism nor
maintaining a rigid vortex lattice.

5.2.2 The vortex lattice in oblique field

Considering that the applied magnetic field is tilted from the ¢ axis to the ab plane. We expect
to observe various fascinating phenomena with reflecting the anisotropic superconducting
properties of high-T, superconductors. Systems with small anisotropy can be described by
the anisotropic three dimensional effective mass model. Champbell et al. {21] and Thiemann
et al. [22] described the vortex lattice state assuming an uniaxial anisotropy using the London
approximation when the magnetic field is tilted from the uniaxial symmetry axis. This
approach may be applicable to YBCO with anisotropy parameter v = &,,/¢. ~ 8. However,
this model may not be adequate when the system is much more anisotropic such as BSCCO
(v ~ 10%), which is well described as a stack of SIS Josephson junctions. In such a layered



68 CHAPTER 5. JOSEPHSON PLASMA IN THE VORTEX STATE

superconductor, the flux line may be well defined in the strongly superconducting CuQO,
layer region, but it may not be well defined at the insulating interlayer region where the
shielding current is not well established. As a result, the flux line can be approxmated as if
it is quantized inside the CuO, layers. It may behave as a series of thin disk-like vortices,
which are called as a pancake vortices. Clem [23] discussed the stability of the pancake
vortices in arbitrary oblique magnetic fields in a weak coupling limit. They showed that the
pancakes are aligned with the magnetic field even if it is tilted from the c axis. Koshelev [24]
also argued that the pancake vortices are treated regarding as kinks of the flux lines for the
magnetic field close to the ab plane. See Fig 5.2 (a).

Feinberg and Villard [25] have given a phenomenological treatment of the general cases in
which H is applied to the direction with a finite angle 8 from the planes. They predict that
there is a finite lock-in angle 6, such that when 6 < 6, the flux lines run strictly parallel to
the planes, and are “locked in” between the layers. Here, . is represented as

H sin gc = ch_(l - Nc) = H*, (54)

with H,;, being the lower critical field in a perpendicular field, and N being the demag-
netization factor along the c axis, and we define the effective lower perpenduicular crtical
field H*, here. This implies a “transverse Meissner effect,” with the component of B per-
pendicular to the planes being zero, not just reduced in magnitude by the magnetization, as
in continuum in GL theory. The confined vortices (Josephson vortices) make a triangular
lattice, which is distorted according to the anisotropy value in low flux density regime (Fig.
5.2 (b)).

5.3 Experimental details

The measurements were performed for four BSCCO single crystals. All the specimens were
crystallized by the TSFZ technique described in Sec. 3.3, the boules were cleaved and cut into
thin plates with thickness of several tens micrometers along the ¢ axis and a few millimeter
square in the ab plane. Three of them were irradiated by heavy ions to produce columnar
defects before the experiments. 650 MeV iodine and xenon heavy ions 12** and Xe3!* are
used for the irradiation produced by the tandem accerelator at JAERI. After irradiation,
the sample has columnar defects, at which region become an amorphous material with a
diameter of 60 — 70 A. As a result, the columnar defects can be considered as the insulating,
non superconducting region, which may be suited for ideal pinning centers. The density of
columnar defects N, is characterized by the matching field B,. The matching field means
the equivalent magnetic field corresponding to the flux density when every columnar defect
is occupied by a single flux quantum ¢o. For example, By = 1.0T corresponds to Neq =
5.0 x 10'® cm~2. The matching fields and their superconducting transition temperatures 7
for four samples used in the present study are listed in Table 5.2. T, was measured in a
SQUID magnetomrter.

All Josephson plasma measurements described in this chapter have been performed in
the configuration of E; || ¢, so that the specimens are always placed at the position (a)
in Fig 3.3. The direction of the external field measured from the ab plane is changed by
horizontally rotating the cavity by the high precision goniometer with an accuracy of 10~3
degree.
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Figure 5.2: Schematic views of layered cuparate superconductors in (a) an oblique and (b) a
parallel field. (a) Pancakes line up by forming kinks as if the vortex line penetrates straight.
The net magnetization of the specimen is parallel to the ¢ axis despite that the field is tilted
from the c axis because the magnetization is contributed by only the pancake vortices. (b) In
the low field region, the Josephson vortices are formed with a distorted triangular lattice in
according with the anisotropy. It is noted that the vertical scale of this figure is not scaled.
When 6 is finite but less than the lock-in angle 6, the Josephson vortex state is realized. The
net magnetic moment points to the ab plane in this case since the pancake contribution is

absent.

Irradiated ion Ny [em™2] By[T] T.[K]

Sample C - 0 0 78
Sample D 128+ 1.0x10% - 02 91
Sample E oo 2.5 x 1010 0.5 91
Sample F Xedlt 1010t - 20 87

Table 5.2: Matching fields B and critical temperatures T, for every samples. N, denotes
the density of columnar defects. The density of defects is calibrated with a dry plate located

behind the specimen during the irradiation.
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In the following, the obtained experimental results as functions of external field H, tem-
perature T, and field direction @ are shown and discussed. All of the data were measured by
sweeping external field and by varying other parameters for the measurement.

5.4 Experimental results

5.4.1 Angular dependence of the resonance

Figures 5.3, 5.4, and 5.5 display sets of the observed resonance lines for Samples C, D, and F
at various angles of external magnetic fields from ab planes and typical three temperatures.
Here the external magnetic field is swept from negative to positive (from left to right). The
observed features are summarized below.

1. The resonance field shows a global minimum at H || ¢ and a sharp maximum around
H || ab. More detailed features in the vicinity of H || ab will be discussed later.

2. The line width also increase as the angle is reduced towards the ab plane.

3. At higher temperatures above T* ~ 80 K, the angular dependence of all samples C, D,
and F looks similar. The resonance field and the line width monotonically increases
with the field angle approaching the ab plane. As a result, the resonance field shows a
sharp peak at H || ab.

4. The resonance line intensity above 7™ seems to become weak and broad considerably
near H || ab.

5. On the contrary, the resonance field shows complicated behaviors at low temperatures
below T*. In a very narrow angle region for the pristine sample, the resonance field has
a hysteretic behavior with additional resonance lines. This feature will be described in
the following part.

6. For the irradiated samples, the angular dependence has double peaks near H || ab.
The opening angle for the outer peak depends strongly on the irradiated dose, whereas
the opening angle for the inner peak hardly depends on the irradiation doses.

The detailed angular dependence in the vicinity of ab plane (}#| < 1°) for the pristine
sample (Sample C) is shown in Fig. 5.6. The fine features as a function of field angle can
be seen, which cannot be seen in the irradiated sample, since the angular dependence is
sharpest in the pristine sample. As seen in Fig. 5.6, at 35 K the additional resonance begins
to appear within £2° from the ab plane near zero field. As the external field approaches
the ab plane, this line grows and shifts to higher fields. The line shape and the position as
functions of field angle and field intensity are not regular and systematic; sometimes it splits
into multiple lines at an angle very close to the ab plane (see Fig 5.6(a)). When H | ab, this
line with complicated features appears only in the increasing field. With decreasing field, the
resonance line is very sharp and symmetric as functions of both field angle and field intensity.
At 55 K, the additional line becomes a sharper and single line. Note that this line appears
even for the decreasing field. At 75 K as seen in Fig. 5.6 (c), the additional feature no longer
appears and broadening of the main resonance line was observed. In the irradiated samples
such a complicated feature can also be seen for B, = 0.2T sample (Sample D) but not for
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Figure 5.3: Angular dependence of the longitudinal Josephson plasma resonance in a pristine
(By = 0) BSCCO single crystal at (a) 35 K, (b) 55 K, and (c) 75 K. The external magnetic
field H is swept from negative to positive value for all panels, and 4 is the angle between H
and the ab plane of the specimen as shown in the inset. Although the vertical scales of each
panels are not exactly calibrated, resonance intensities in individual panels are comparable.
It is noted that the vertical separations of the resonance line with different angles 6 are
not scaled. In higher angle regions (lower part of the panels), only a sharp and symmet-
ric resonance is observed for all temperatures, and the resonance fields and the linewidths
gradually increase as 6 increases. In (a) and (b), the additional resonance appears at 6 ~ 5°
with increasing field, and the resonance becomes quite asymmetric (hysteretic) with the field
being closer to the plane. The details in the very vicinity of the plane are displayed in Fig.

5.6
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Figure 5.4: Angular dependence of the resonance in a dilutely irradiated (By = 0.2 T)
BSCCO single crystal at (a) 55 K, (b) 75 K, and (c) 88 K. The shifts of the resonance field
with reducing field to H || ab saturate in wider angle than that for the one of pristine sample.
(Fig. 5.3). Additional resonance is observed in sufficiently small 8 at low temperatures.
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Figure 5.5: Angular dependence of the resonance for Sample F (By = 2 T) for various 6 at
(a) 55 K, (b) 77 K, and (c) 84 K. The anomalous hysteretic behavior at § ~ 0 found in the
sample C and D was not observed in this sample.
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Figure 5.6: Angular dependence of the resonance lines in the very vicinity of parallel field
6] < 1° at (a) 35 K, (b) 55 K, and (c) 75 K. In (a), utterly different behavior for decreasing
(H < 0) and increasing (H > 0) field was observed. The line for decreasing field behaves
systematic, while the one for increasing field is not systematic. In (b), an additional resonance
is observed clearly in the lower field and becomes sharper than at 35 K. The main resonance
is almost symmetric with respect to H = 0 for all # but the additional one is not. At 75K
(c), only one line is seen and the broadening becomes remarkable at angles very close to the

ab plane.

the higher dose sample. It should be stressed that in the highest dose sample By = 2T
(Sample F) the resonance line becomes surprisingly sharp and larger at low temperatures
and low angles (see Fig 5.5(a)).

5.4.2 Temperature dependence of the resonance

The temperature dependence of the resonance for the three samples in a perpendicular
and a parallel magnetic fields is shown in Figs. 5.7, 5.8, and 5.9. In the perpendicular field
(H || ¢), as shown in panels (a) of Figs. 5.7, 5.8, and 5.9 only symmetric resonance lines with
little hysteresis (for field increasing and decreasing) are observed in the whole temperature
region below T,. The resonance fields decrease monotonically with increasing temperature
and reach zero just at T, for the pristine sample C. However, this is not the same for the
irradiated sample (D and F). The resonance field shows a sharp drop near 7" ~ 80K in the
irradiated sample irrespective of the quantity of doses. Above T* the resonance line has a
similar temperature dependence as the pristine one.
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Figure 5.7: Temperature dependence of the resonance line of Sample C (pristine) in (a)
perpendicular and (b) parallel magnetic fields. It is noted that the vertical separations
between the data are taken so as to be proportional to the intervals of the temperatures. (a)
When the external field is applied parallel to the ¢ axis (H || ¢), only a sharp and symmetric
resonance line appears throughout the entire temperature range, and the resonance field
decreases monotonically as the temperature increases. (b) When the external field is applied
to the ab plane (H || ab), a complicated feature can be seen at low temperatures below 66
K. Multiple resonance are observed with hysteresis to the magnetic field sweeping direction.
At sufficiently low temperatures below 25 K, the additional resonance disappears.
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Figure 5.8: Temperature dependence of the resonance curve of Sample D (B, = 0.2 T) in
(a) perpendicular and (b) parallel magnetic fields to the ab plane. (a) Similar to the case
for the pristine sample, the resonance field decreases steadily with increasing temperature.
(b) Below T ~ 80K, An anomalous behavior that was not seen in the pristine sample is
observed. The temperature dependence shows an oscillatory behavior with hysteresis At
high temperature, the hysteresis disappears and the line is broaden similarly to Fig. 5.7(b).
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Figure 5.9: Temperature dependence of the resonance lines of Sample F (B, = 2 T) in (a)
perpendicular and (b) parallel fields. (a) Also in this sample, the resonance field decreases
monotonically as the temperature increases. (b) An anomalous hysteresis was not observed
in this sample. However, the broadening of the line in the higher temperature region is also
observed, which is common feature in all samples.
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Figure 5.10: Temperature dependence of the resonance field for all samples in perpendicular
(solid symbols) and parallel (open symbols) fields to the ab plane. Only the main resonance
line is plotted and the data in the anomalous hysteretic temperature regions (I' < 50 and
60 K for Sample D and F, respectively) are omitted to aviod complication. The inset shows
the enlargement at low field resion of H < 5kQOe. Although the temperature dependence
of the pristine sample is concave in the whole temperature range, the resonance fields of
the irradiated samples in perpendicular fields have a convex temperature dependence in
low temperature region, and drop to enough small value at T* ~ 80 K. Subsequently, the
temperature dependence shows concave feature in high temperatures.

The resonance line has a complicated hysteretic behavior, which also has strong temper-
ature dependence as seen in Figs. 5.7(b) and 5.8(b). For Sample C (B, = 0), the line which
appears in the negative (decreasing) field is always observed the entire temperature range,
but the one in the positive (increasing) field shows an anomalous temperature dependence.
A symmetric and sharp line is observed at the lowest temperature of 24 K. As the temper-
ature increases, the line once shifts to the lower field side and becomes broadened. With
further increasing temperature, multiple peaks subsequently emerge, and the resonance line
becomes approximately symmetric with H = at further higher temperature region. For the
sample D (B, = 0.2 T), the abnormal hysteresis which is the different from the the pristine
sample is observed. The resonance line in the decreasing field shows an anomalous temper-
ature dependence similar to the one in the increasing field. However, in Sample F (B, = 2
T), this anomaly is not found in all temperature range although the data below 45 K are not
measured. It is remarked that the lineshapes in the high temperature range (7'/T, > 0.8) are
common for all samples regardless of the density of defects. The temperature dependence
of the resonance field for all samples in perpendicular and parallel fields are plotted in Fig.
5.10.
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Figure 5.11: Angular dependence of the resonance field of Sample C (B, = 0). The solid
symbols indicate the experimental data and the solid line are the fitting results by Eq. (5.9).
The inset shows the overall feature. The resonance line has a sharp peak in the vicinity of

9 ~ 0.
5.5 Discussion

5.5.1 Plasma resonance in perpendicular and oblique fields

The observed resonance fields as functions of § and T for Samples C, D, and F are plotted in
Figs. 5.11, 5.12, and 5.13, respectively. Here, the resonance fields are obtained by averaging
two values of the magnetic field where the resonance curves make peaks with increasing and
decreasing fields as long as the curves are symmetric with respect to H = 0. In the pristine
sample C, as shown in Fig. 5.11, the resonance fields shows a sharp increase of the resonance
field near the ab plane for the whole temperature region (see also the inset of Fig. 5.11). On
the other hand, the angular dependence of Sample F (B, = 2 T) indicates different features
in comparison with the one for the pristine sample (Fig. 5.13). At the highest temperature
of 84 K, the angular dependence of the resonance field shows a sharp peak at 6 = 0 similar
to the one for the pristine sample. As the temperature is decreased the width of the peak
becomes wider and wider and a double dip emerges around H || ab. This dip structure can
be regarded as the lock-in transitions described in Sec. 5.2.2 and further discussed later. In
Sample D with an intermediate dose of By = 0.2 T, the observed angular dependence has
an intermediate feature between sample C and F.

We first discuss the angular dependence observed in the pristine sample. As described
in Sec. 2.4.4, Josephson plasma frequency in the presence of magnetic field is written as

wP(H) T) = wP(Ov T) <COS (pi,£+1>1/2, (55)

where (cos @ge41) denotes the thermal and disorder average of the cosine of the gauge in-
variant phase difference between ¢ and £+ 1 th layers ;441 given by Eq. (2.72). Assuming
that g e+1 is only affected by the density of pancake vortices, the perpendicular component
of the external field H, = H sin# should be taken into account. Figure 5.14 displays the
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Figure 5.12: Angular dependence of the resonance field of Sample D (By = 0.2 T). The solid
symbols indicate experimental data and the solid lines are the fitted results by Eq. (5.9).
The resonance line has a peak as a function of angle at H || ab with a wider than that of

the pristine sample.
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Figure 5.13: Angular dependence of the resonance field of Sample F (B, = 2) T. The symbols
represent experimental data points which are connected by the line obtained by fitting. At
the lowest temperature of 55 K, the angular dependence clearly has a double dip structure.
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Figure 5.14: Angular dependence of the resonance field normalized by the perpendicular
component of the applied field and the resonance field in perpendicular fields. The square,
circle, and triangle symbols indicate for the data of Samples C (B = 0), D (B, = 0.2 T),
and F (B, = 2 T), respectively. In all cases the normalized resonance field has a dip at
H || ab. The width of the dip is sharpest for Sample C (B, = 0) and widest for Sample F
(Bg =2 T). A broken and a dotted lines mean that the angular dependence is perfectly two-
dimensional (resonance fields diverge at § = 0) and perfectly three dimensional (no angular
dependence is seen), respectively. The solid lines are guides for the eye.

resonance fields which are normalized by H, and the resonance field in the perpendicular
fields H(90°) for the pristine and irradiated samples. The data of the pristine sample are
well normalized except for the very vicinity of § = 0. This behavior is already reported in an
earlier study of the Josephson plasma resonance [3]. Recently Koshlev [5] gives a theoretical
approach based on the high-temperature expansion. He described the angular dependence
of the plasma frequency in the superconducting fluctuation state as

2 PH?
P eH kgT H ¢

where j., is the Josephson critical current in zero field and H) is the parallel component of
the magnetic field. This equation can be reduced to

wg x1/TH, (5.7)

at higher angles because ¢o/md? ~ 100 T. This accounts for our experiment well.

Next we notice the data of the two irradiated samples in Fig. 5.14. The angular depen-
dence of Sample D does not obey the sine-law within +20° from the plane. Moreover in
Sample F, it departs from H sin @ near the ¢ axis. This can be understood by the enhance-
ment of interlayer coherence due to the existence of columnar defects which pierce CuQO,
layers. In other words, the columnar defects suppress the two-dimensionality that a pristine
matrial possesses and the enhanced interlayer coherence causes the behavior which is closer
to that of the three dimensional system. In Fig. 5.13, we have shown that the temperature
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dependence of the resonance line behaves as more 3D fashion at low temperatures whereas
it behaves as more 2D fashion at high temperatures. We can easily explain this phenomena
as follows; the vortices confined strongly in the columnar defects in low temperatures are
released because of the thermal fluctuation which exceeds the pinning force. As a result, the
vortex system with columnar defects behaves similar to the pristine one in a high tempera-
ture limit. Although there has been experimental data of the Josephson plasma resonance
in BSCCO with several doses of heavy ion irradiation given by some authors [11, 12], no
quantitative analysis has been made yet.

According to the anisotropic Ginzburg-Landau regime, the angular dependence of the
physical parameters such as the critical field H.(6) is given by the simple ellipsoidal form:

(Hcir):in 9)2 N (Hc(g:n:os 0)2 ~1 (5.8)

where H,; and H, are the critical fields perpendicular and parallel to the CuO, plane,
respectively. By analogy of this expression, we introduce a phenomenological equation for
the angular dependence of the Josephson plasma resonance as

H(90°)

= ) 5.9
Vsin® 0 + a—2cos2 6 (5.9)

H(9)

where H(90°) is the resonance field in a perpendicular field and « is a new parameter which
reflects the anisotropy in the presence of vortices in the superconducting state. In the case
of @ = oo, the behavior as a function of @ is completely two dimensional, whereas the
resonance field is independent of 8 if « is unity, The solid lines in Figs. 5.11, 5.12, and 5.13
are the fitted results derived by the least square method by taking H(90°) and « as fitting
parameters. All show excellent agreement with the experimental data except the region near
ab plane where the dip structure is observed.

Let us consider the behavior of o as a function of temperature. The obtained a and
1/a values are plotted in Fig. 5.15 at various temperatures where the angular dependence
has been measured. The resonance fields in H || ¢ were also plotted as a function of the
temperature. The data of the sample with By = 0.5T are added (not presented in this
place). This figure clearly indicate that the parameter « at lower temperatures considerably
differs from the one at higher temperatures. Looking at the diagram, the temperatures
where o begins to increase drastically correspond where the temperature dependence of the
resonance field in a perpendicular field (H || ¢) for each sample makes a slight cusp.

The concave cusp at T™* of the temperature dependence of the resonance field of irradiated
BSCCO in perpendicular fields just below T, is previously reported by Kosugi et al. [12]
and Sato et al. [13], and they pointed out this behavior is due to the coupling-decoupling
transition of vortices between the layers. Also in our experiments, the angular dependence
of the resonance fields of the irradiated samples above T™ is almost identical to the one of
the pristine sample which obeys the scaling law — in our phenomenological equation (5.9),
1/ is reduced to zero.

5.5.2 Plasma resonance in slightly tilted fields

In a slightly tilted magnetic field from the plane, the perpendicular component of the field
is still so small that there is no pancake exciting in the CuO. plane. In this situation,
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Figure 5.15: Temperature dependence of the resonance field for H || ¢ (left ordinate).
Temperature dependence of inverse of the effective anisotropy parameter 1/« is also plotted
by open symbols (right ordinate). The inset indicates the temperature dependence of «, and
the symbols are corresponding to those in main panel. The drastic decrases of 1/« (increase
of o) are observed at the temperatures where the temperature dependence of H(90°) makes
a slight cusp at T/T, ~ 0.8. The solid lines are drawn to guide for the eyes.
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the Josephson vortices are considered to play an important role in the plasma resonance,
although no detailed theoretical work in this case is available. Experimentally, it is rather
impossible to set magnetic field direction exactly parallel to the ab plane, so that in a
practical sense misorientation of the field direction always results in the present slightly
tilted field condition. Moreover, the single crystal always has a mosaic spread, which give
rise to the effective misorientation of the field direction. The experimental accuracy of the
field orientation for our case is less than 10~3 degree in the goniometer and the mosaic spread
of the sample is as small as 0.03 degree in our single crystals.

As shown in the preceding section (Figs. 5.11, 5.12, and 5.13), the Josephson plasma
resonance continues from sufficiently larger angles to the ab plane, although the angular
dependence begins to deviate from a certain angle depending upon the irradiation doses.
This continuous mode of the Josephson plasma resonance may be explained by the trapped
pancake vortices due possibly to the misorienaion effect of the magnetic field. This vortex
density should depend upon the field history, resulting in the hysteretic behavior in magnetic
field directions. However, the experimental results cannot be explained by ordinary magnetic
hysteresis phenomenon, because the resonance takes place in the higher field when the field
is decreased, whereas in the lower field when field is increased as shown in Fig. 5.16. This
is opposite from what one can expect from conventional magnetic hysteretic behavior.

Tsui et al. have recently reported a similar result in a parallel field orientation [8].
They interpreted this hysteretic behavior by considering a model called “camel humps,” in
which the effective lower perpendicular critical field H* (see Eq. (5.4)) is considered as a
function of temperature as shown in Fig. 5.17. Although their interpretation seems to be
accountable for the part of experimental results we have observed, the following points are
left to be answered: First, in the camel humps model, it is impossible to explain multiple
resonance, appearing differently in a sweeping-up and sweeping-down magnetic field. Second,
the observed hysteresis by us for lower fields gives an opposite behavior for the field sweeping-
up and sweeping-down. This is even contradictory against the results reported by Tsui et
al., and cannot be explained by their camel humps model.

It appears that as seen in Fig. 5.6 in the pristine sample the behavior of the resonance
changes very drastically as a function of the angle within £0.5° in the ab plane. Such a sharp
angular dependence cannot be expected by the simple hysteretic magnetization behavior
and has to be considered the vortex state in a parallel magnetic field. In the anisotropic
superconductor, the vortex configurations has been calculated theoretically using Lawrence-
Doniach model. According to Bulaevskii et al. [26] the vortex configuration is the distorted
hexagonal structure, which is elongated to the ab direction (in other word, compressed to
the ¢ direction) with a periodic arrangement of the empty vortex layers, when the applied
magnetic field is smaller than the characteristic magnetic field of Hy ~ ¢o/vd?, where ¢
is the flux quantum, + is the anisotropic parameter, and d is the interlayer spacing. When
the magnetic field is higher than H; ~ H,/3, all layers are completely filled by Josephson
vortices, whereas in the field range H, ~ Hy/8 < H < Hj, every other layers are filled and
the rest of the layers (half of the layers) are vacant. This sequential filling of the layers
continues to happen as the field is lowered towards zero. The above situation is visualized
in Fig. 5.18. For BSCCO, the physical parameters are well known to estimate the critical
fields Hy, H,, or so. Using v~ 150, d =15 A, Hy~6.1 T, Hi ~2 T, and H, ~ 0.77 T are
obtained.

Although this is for the ideal case without having pinning effect at all, such sequen-
tial structural phases must have their vortex vibration modes, which can couple with the
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Figure 5.16: Temperature dependence of the resonance fields in H || ab for Sample C (circles
and triangles), Sample D (reversed triangles), and Sample F (squares). The solid (open)
symbols indicate the resonance field with increasing (decreasing) field. The data of Sample
C are extracted to the inset. Hysteretic behaviors appear in Samples C (B, = 0) and D
(Bg = 0.5 T) in finite ranges. The additional resonance in Sample C (triangle) has opposite
response with the field increasing/decreasing. The two triangles are much separated at low
temperature, but the one with increasing field may drastically decrease accompanied with
the main resonance.
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Figure 5.17: (a) Temperature dependence observed by Tsui et al. and (b) camel humps [8].
In (a), solid (open) symbols are data with increasing (decreasing) field. Two hysteretic
resonances with same character are observed. Behavior of the lower resonance is strikingly
different from our results. (b) shows hysteretic behavior in the B,-B, plane for different
temperature ranges of (i) hysteretic temperature, (ii) higher temperature, and (iii) lower
temperature. The arrow lines represent the traces of magnetization B. When the external
magnetic field H is increased from zero, B traces on By axis in the case of H; < H* because
of the lock-in transition. If H, > H*, B leaves from the Bj axis and turns to be parallel
to H, and traces different path with making a large hysteresis when H is decreased. When
the hystereric loop cross the B(#) curve, the hysteretic resonance occurs as seen in (i). In
higer (lower) temperature range, H* is so small (large) that the traces cross the curve at a
point, therefore the hysteresis does not appear
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Figure 5.18: Sequential filling of Josephson vortices as a function of the external field. [
and a denote the period of the Josephson vortex lattice along the ¢ axis and the ab plane,
respectively. In each magnetic field range, a is varied with respect to the external field while

[ is not.

Josephson plasma mode directly. This idea has been examined by the computer simulation
technique by Takahashi [27]. He performed examination in the case of H; < H < H, for
BSCCO and found the low lying mode, which is phonon-like mode and strongly couple with
the Josephson plasma mode. It is interesting that there are two modes at k£ = 0 below the
plasma resonance excitation frequency w, for both transverse and longitudinal propagation
modes. As seen in Fig. 5.6(a), for example, one can find two additional resonance lines very
close to the ab plane only. It is speculated that those additional lines observed experimen-
tally may not be caused by the Josephson plasma resonance mode due to pancakes observed
at high temperatures, but may be related with the new modes as mentioned above. It is
highly intriguing and necessary to carry out further experiments to this issue.

5.6 Conclusions

In this chapter, the Josephson plasma resonance in a pristine and heavy ion irradiated
BSCCO single crystals was described as functions of external field direction # and tem-
perature T. A qualitative and a systematic understanding was shown by introducing the
effective anisotropy parameter o. The possible explanation observed only for H || ab was
argued based on the recent theoretical calculations [27].

In a pristine sample, the angular dependence of the resonance fields is shown to be
described well by the two dimensional behavior. The angular dependence of the Josephson
plasma resonance was found to be enhanced as the number of columnar defects are increased
below T* ~ 80 K. The scaling analysis was applied to account for the angular dependence
except for the region close to the ab plane. The angle region where the scaling law cannot be
applied is different, and depending on the irradiation dose. This angle region, for the pristine
sample, is only within £1° but for the irradiated samples it is about +5° for By = 0.2 T, and
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+20° for By = 2 T. The effective anisotropy parameter is deduced from the scaling analysis
in both solid (glass) and liquid phases. As seen in the inset of Fig. 5.15, the a values have
sharp jumps at about T ~ 80 K (T™/T; ~ 0.8) form low values of @ ~ 6 for By = 0.2 T
and a ~ 2 for By = 2 T to high values of 30 ~ 50, depending slightly upon the irradiation
dose. Since T* dose not depend upon the irradiation dose and does not exist in the pristine
sample, the vortex state below and above 7™ can be understood by the distinct difference
of the number of the trapped vortex pancakes by the columnar defects. Below T*, thermal
agitation is ineffective and the columnar pining force is energetically stronger. On the other
hand, thermal agitation overcomes the pinning force of vortex pancakes above 7%, so that
the pancakes behave as if they are independent as those of the pristine material.

This view can be rationalized by the experimental fact that the Josephson plasma reso-
nance field begins to rise sharply around 7™, indicating the sharp increase of the interlayer
phase coherence between adjacent vortex pancakes below T*. The dramatic reduction of the
anisotropy value a indicate that the coupling between layers becomes stronger, and therefore
it may suggest strongly some sort of ordered phase below T*. This is also true for the pris-
tine material, where the sharp first order vortex lattice melting transition exhibits below Tr,.
From magnetization measurements [28], the effective anisotropy value for the vortex lattice
phase is as small as ~ 10, whereas it is 150 — 200 above the melting transition. Therefore,
it is well understood that the scaling approach over wide temperature region is useful no
matter what kind of the vortex phases are. This is the universal concept to deal with the
vortex state in high temperature superconductors.

In the very vicinity of the ab plane, where a sharp dip feature is observed, the lock-
in transition may occur. The vortex configuration in this state was argued according to
the previous work based on the Lawrence-Doniach model, which implies collective phase
transitions at H;, Hs, Hs, ... corresponding to the vortex configurations shown in Fig. 5.18.
The values for H;, H,, Hj, ... are in the range where our experiment was carried out.
Therefore, it is speculated that the additional resonance line observed only in a very narrow
angle region in the pristine sample and the sample with irradiation dose of 0.2 T may be
due to the resonance coupled with such peculiar vortex phases as predicted by a computer
simulation [27]. If this is the case, these resonances have entirely different origin from the
resonance in H || ¢ and would be new resonance modes. It is very interesting to resolve this

question.
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Chapter 6

Summary

Josephson plasma phenomena in high temperature superconductors are described in the
preceding chapters, which have been carried out in the course of my Ph.D. graduate study.
This subject has been brought up at the beginning of my graduate study timely and has
attracted much attention in the part a few years, especially after the discovery of microwave
absorptive phenomena by Tsui et al. in one of typical high temperature superconductor
BiySr,CaCu;0g,5. Although they could not fully disclose the origin of the absorption, how-
ever, their experimental observation certainly triggered and made an impulse to investigate
this extraordinary phenomena further. What is described here in this thesis is merely the
part of the experimental features and associated theoretical understanding of the phenomena,
since the physics related to this phenomena is so deep and wide that may related problems
from basic to applied subject will appear. Although the most fundamental nature of the
Josephson plasma phenomena may be included in this study, much variety of phenomena
such as microwave coherent emission, ultrafast switching, dynamic microwave filters, detec-
tors at THz frequencies, etc. are not studied unfortunately and are waiting for experimental
proofs. Some of those phenomena are related to the development of technologies at the
microwave to infrared frequencies, so that this subject is widely open for the applied science
and technology in near feature.

We begun this thesis with describing some historical development concerning the elec-
tromagnetic interactions with superconducting electrons. The full understanding of the
superconductivity in electron systems has not been achieved until the fieldtheoretic under-
standing based on the broken symmetry concept in the gauge field was extremely successful
in the field of elementary particle physics. We note this importance in this thesis.

In the first part of the thesis, plasma phenomena induced by the interaction with elec-
tromagnetic waves are summarized and further extended to the Josephson plasma. In the
course of my Ph.D. study, we come up an important idea that strongly suggests the exper-
imental distinction of the two independently existing Josephson plasma modes: one is the
longitudinal mode and the other is the transverse mode. The longitudinal mode of plasma
is known to be the Nambu-Goldstone mode, which is elementary excitations associated with
the superconducting phase transitions due to the breaking of the gauge symmetry, and the
transverse mode induces the transverse current flow, which causes Meisnner effect. Although
such interpretation has been put forward in early sixties by Anderson, experimental sepa-
ration of two modes has not been done until our experiments. This is partly become the
experimental excitations of two mode separately was impossible in the conventional super-
conductors without having large anisotropy, which reduces the plasma frequencies and the
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corresponding wavelength to the size comparable with the wave length of the electromag-
netic wave in superconductors. This condition cannot be made in the electromagnetic wave
at infrared or higher frequencies in conventional superconductors.

Here we have succeeded in performing clear distinctions of two mode experimentally and
this is described in this thesis as a main contribution together with the detailed experimental
techniques bared on the theoretical calculations. It is worthwhile noting that this achieve-
ment is another experimental proof that the concept of the broken symmetry can perfectly
describe the nature of the electron system interacting with the electromagnetic fields. This
understanding of superconductivity lead us to complete the theoretical framework describ-
ing the nature of electron systems interacting with electromagnetic waves. Finally, we fully
understood the fundamental nature of superconductivity at this moment.

In the second part of this thesis we detail with the vortex state of high temperature
superconductors by making use of Josephson plasma technique developed in the first part.
Since this phenomena senses the superconducting phase difference between the Josephson
coupled layers in highly anisotropic superconductors such as Bi;Sr,CaCusQOgys, it gives a
unique opportunity to understand the nature of layer coupling in this system. Many new
vortex states, — the pancake state, the vortex glass state, Bragg glass state, superconducting
fluctuation state, and etc.— which dose not exist in conventional superconductors, have been
discovered in high T, superconductors. The unified understanding of these phases are the
subject in this part of study.

We have studied, during my Ph.D. work, in particular, the effect of the columnar defects
on the interlayer Josephson coupling. The samples studies here are the pristine one (as
grown), and three heavy ion irradiated columnar defect samples with the equivalent flux
density of B, = 0.2, 0.5, 2 T.

We found a dramatic increase of pinning strength in the irradiated samples with colum-
nar defects as previously known. This feature is directly proved by the Josephson plasma
resonance to be induced by the increase of the phase coupling strength between supercon-
ducting layers below T* =~ 80 K, i.e., increase of Josephson coupling. This is attributed
to the thermal confinement of pancake vortices into columnar defects are considerably less
significant. We have also studied angular dependence of the Josephson plasma resonance.
We paid much attention to the angular behavior near the ab plane, where the resonance
dramatically changes the character. We proposed the extended concept of the anisotropy
parameter a to the problem and found a coherent description of the vortex state as functions
of both temperature and angles in all samples by using the effective anisotropy parameter
o. This generalization of the anisotropy parameter can describe nicely the vortex state no
matter what sort of vortex states are in the system. However, it was found that this de-
scription is violated and is not applicable to the region where the angle is closer to the ab
plane than the critical angle, at which the generalized scaling theory dose not work anymore.
Within the critical angle, we have to take into account the new effect of parallel component
of magnetic fields by which Josephson vortices are created. In this situation, it is known that
the Josephson vortices play an essential role for the Josephson plasma resonance. Some ad-
ditional features such as multiple branches of resonance, the coupled mode of vortex motion
to the plasma oscillations etc. are theoretically predicted. In the present study, however, we
could not resolve much interesting features, although some anomalous behaviors reminiscent
of some of those new phenomena which were predicted. Further studies beyond my Ph.D.
thesis are needed in order to elucidate these fascinating phenomena related to the Josephson
plasma resonance.
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