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Abstract:
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tesla) and low temperatures (0.025 - 0.300 kelvin) cantilever beam torque magnetometry is used to
determine the melting of the Q2D flux lattice. In this regime, it is shown that this transition is due to
quantum fluctuations in the positions of the vortices. From the results of these two experiments, one
can piece together the mixed state phase diagram. Upon doing so, it is seen that the Q2D flux solid and
vortex liquid states dominate the majority of the phase diagram. 
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ABSTRACT

This dissertation explores the superconducting, mixed state phase diagram of the 
layered organic superconductor K-(Be d T-TTF)2Cu(NCS)2. In particular, the melting of 
the quasi-two-dimensional (Q2D). vortex lattice is investigated throughout a wide range ' 
of the available field and temperature parameter space. At moderate fields (0.01 -  2 
tesla) and temperatures (1.5 — 10 kelvin), a cavity perturbation technique is used to study 
the Josephson plasma resonance. By investigating this phenomenon over a wide 
frequency, field, and temperature range, one can determine a line in the phase diagram 
that corresponds to either a flux lattice melting or depinning transition. For high fields (2 
-  20 tesla) and low temperatures (0.025 -  0.300 kelvin) cantilever beam torque 
magnetometry is used to determine the melting of the Q2D flux lattice. In this regime, it 
is shown that this transition is due to quantum fluctuations in the positions of the vortices. 
From the results of these two experiments, one can piece together the mixed state phase 
diagram. Upon doing so, it is seen that the Q2D flux solid and vortex liquid states 
dominate the majority of the phase diagram.



I

INTRODUCTION 

Low dimensional conductors

Anisotropy, or low dimensionality, plays a fundamental role in many areas of 

contemporary condensed matter physics, both pure and applied. For example, much of 

the technology that has revolutionized the microelectronics industry in recent years has 

resulted from the development of low dimensional semiconductor devices. More 

recently, research into bulk layered materials such as the transition metal oxides [1], 

organic conductors and superconductors [2], semiconductor superlattices [3], magnetic 

nanostructure [4], etc., has resulted in the discovery of a range of new physical 

phenomena, e.g., high temperature superconductivity [5], colossal magnetoresistance [6], 

and a novel form of the quantum Hall effect [7]. Many of these discoveries challenge 

basic understanding of condensed matter physics, while, at the same time, may hold the 

key to further technologies. This thesis will focus on one of the above-mentioned classes 

of materials; an organic superconductor based on the bis-ethylenedithip-tetrathiafulvalene 

cation, [abbreviated as BEDT-TTF, or more simply ET (see figure I)], which has a quasi- 

two-dimensional (Q2D) character due to its layered crystal structure, and will be 

discussed in detail below.

BEDT-TTF based conductors and superconductors. In the same way that atoms may 

be brought together to form conventional solids, large organic molecules may also be 

used as the basis for building stable crystals, with the added benefit that the crystal 

properties can be changed by chemically altering the basis molecule [2], This added



2

degree of freedom allows chemists to synthesize materials with a wide variety of 

properties, which depend solely on the underlying chemical structure of the constituent 

organic molecules. In particular the organic charge transfer salts (CTS), so called due to 

the partial transfer of electrons between the constituent molecules, have provided a fertile 

source of novel physical phenomenon, including spin and charge density wave formation, 

superconductivity, antiferromagnetic behavior, etc [2]. Of the CTS, perhaps the most 

widely studied family is that based on the BEDT-TTF molecule. The first organic 

superconductor based on this ET cation was (ET)2(Re04)2, which was synthesized in 

1983, and had the modest Tc of 2.0 K [8], Shortly after that, many more organic 

conductors and superconductors followed with the same stoichiometry, (ET)2X [2], Note 

that although there exist other stable stoichiometries, the 2:1 variety is the most widely 

studied, and will be the only case considered in this thesis.

Figure I . The nominally flat ET molecule. The carbons (•) and sulfurs (o) are 
strongly c-bonded within the plane of the molecule, while the Tt-orbitals on the 
sulfurs lie perpendicular to the plane of the molecule, and are responsible for the 
conduction properties of ET based CTS.

For this particular subset of CTS, there is both an ionic and covalent nature to the 

bonding between the ET cation and the inorganic anion, and between the individual ET 

cations. Hence, each pair of ET molecules jointly donates a single electron to the anion 

X, resulting in the following basis for building stable crystal structures [2]:
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(ET)2 + X -> (ET)2+ e‘ + X —> (ET)2+X 

This is quite similar to the ionic bonding found in traditional inorganic salts such as 

NaCl. However, as mentioned above, there is also a considerable covalent character to 

the inter-molecular bonding, which will be shown to give rise to the conduction by these 

CTS.

Within each ET molecule, the intra-molecular bonds between the atomic species 

originate from the overlap of hybridized s and p atomic orbitals of the carbon and sulfur 

atoms within the rings, thereby producing strong a-bonds [2], This is quite analogous to 

the a-bonding found in the much simpler organic compound, benzene. In this case, the 

2s and 2p atomic orbitals hybridize within the plane of the molecule, and overlap to form 

the a-bonds between the carbons. This leaves one remaining 2p atomic orbital on each 

carbon, to form the Tt-orbitals, which lie normal to the plane of the ring (see figure 2). 

Whereas the a-electrons are tightly bound between adjacent carbons in the benzene 

molecule, the tr-electrons are much more loosely bound, and will tend to delocalize 

around the entire ring [9].

H 

H

Figure 2. The planar benzene ring. The 2s and 2p atomic orbitals for each carbon 
hybridize, and then overlap with those on adjacent atoms to form strong a-bonds 
(left). The remaining p orbitals lie normal to the plane of the molecule (right) and 
form the Tt-orbitals, with loosely bound electrons.
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Like benzene, each ET molecule also exhibits Tt-bonding due to the overlap of the 

atomic p orbitals of the sulfurs within each ring. However, in the solid state, the Tt- 

electrons can delocalize over the entire crystal, rather than solely within a single 

molecule, so long as there are significant Tt-orbital overlap. Hence, it is the overlap of the 

TC orbitals within the ET based CTS which are responsible for the bandstructure, i.e., 

electronic conduction [2].

To understand the band structure of these materials, one must imagine building a 

crystal one molecule at a time. Thus, if there are N total molecules in the system, then 

before the solid is assembled, the system will have a series of N-fold degenerate energy 

levels. However, as the isolated molecules are brought together, that degeneracy is lifted, 

due to the overlap of Tt-orbitals between each ET molecule and its neighbors. The energy 

levels broaden from sharp N-fold degenerate levels into non-degenerate energy bands. 

The widths of these energy bands will depend explicitly on the amount of inter-molecular 

Tt-orbital overlap. This is seen in figure 3 for the simplified case of a hydrogenic atom. 

On the left side of the figure, the N-fold degenerate atomic energy levels are shown, 

which broaden into bands as the atoms are brought closer together in the formation of a 

solid (right side of the figure) [10]. Due to the directional nature of the Tt orbitals on the 

ET molecules, i.e., the lobes of the orbitals lie perpendicular to the plane of the ET 

molecule, the orbital overlap is expected to be highly anisotropic. Consequently, the way 

in which the molecules pack together to form a crystal structure, will essentially 

determine the dimensionality of the conductor.
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Figure 3. Formation of energy bands as a function of inverse inter atomic 
spacing, a.) For isolated atoms, the energy levels are discrete, but by b.) bringing 
many atoms closer together, the energy levels broaden, forming bands.

As an example, in figure 4 a schematic of the crystal structure of the organic 

conductor, (3-(ET)2l3, is shown. Notice that the ET molecules stack in linear chains within 

the ab-plane. This crystal structure allows for a large inter-molecular overlap of the Tt- 

orbitals along the chains, with reduced overlap between chains. Moreover, the "I3 layers 

separate the columns along the c-axis of the crystal, thereby effectively killing off any 

inter-molecular Tt-orbital overlap in that direction. Consequently, conduction is preferred 

within the ab-plane (primarily along the direction of the ET chains), giving this material 

a highly anisotropic Q2D nature. Notice, however, if one were to substitute the larger 

"PFe anion for I3, the system would be driven quasi-one-dimensional (QlD), and in fact, 

exhibits a Peierls transition at 297 K [2], Thus, the (B-(ET)2X salts seem to be riding the 

fine line between Q2D and QlD behavior due to their crystal structure.



Figure 4. The crystal structure of the organic superconductor P-(ET)2Ia a.) The 
unit cell of the material, and b.) looking down the long axis of the ET molecules. 
The ordering of the ET molecules within the crystal causes the conduction to be 
preferred along the chains as indicated with the arrows.

In contrast, a different stacking motif leads to different electronic properties, as can be 

seen in figure 5. Here, the crystalline structure for the superconductor K-(ET)2Cu(NCS)2 

is shown. In this case, the ET molecules form dimer pairs, which stack in a checkerboard 

fashion with each pair nearly perpendicular to its neighbors, within each bc-plane. Due 

to the absence of a preferred direction within the bc-plane, the conductivity is nearly 

isotropic within each layer. However, conduction along the a-axis is much poorer due to 

the separation of the ET molecules by the anion layer. This again suppresses the inter- 

molecular orbital overlap in this direction, and ensures that this material has a Q2D

nature [2],
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Cu(NCS)Z anions
b.

Figure 5. The unit cell of k-(ET)zCu(NCS)2. a.) The planar organic ET molecules 
are stacked vertically in the bc-plane with the inorganic anions creating insulating 
sheets between layers, b.) Looking down the a-axis of the crystal, one can see the 
stacking of the dimer pairs within each conducting layer. Due to this stacking 
arrangement, the conductivity is nearly isotropic within each plane.

It is clear from these examples that the way in which the ET molecules stack or, more 

importantly, how the Tt-orbitals overlap, determines the conduction properties of the 

material, i.e., more overlap of the tt-orbitals results in greater conductivity and less 

overlap results in a poorer conductor along a given crystalline direction (see figure 3). 

This high degree of anisotropy is quite different from conventional metals, where the 

conduction orbitals tend to delocalize more-or-less isotropically, resulting in three- 

dimensional (3D) conduction. Therefore, these types of 3D metals usually have a nearly 

spherical Fermi surface (FS) [10]. Likewise, the reduced dimensionality of the ET based 

CTS is reflected in the resultant Q2D and QID Fermi surfaces.

To obtain a qualitative picture of the Q2D Fermi surface for K-(ET)2Cu(NCS)2, one 

need only look to the in-plane crystal structure, and ignore the dispersion along the low 

conductivity axis of the crystal, since it is negligible to a first approximation. Looking 

down on the bc-plane of the crystal structure in figure 5, one sees a rectangular unit cell,



8

which translates to a rectangular Brillouin zone. Due to the stacking pattern of the 

K- phase salts, the overlap of molecular orbitals is effectively isotropic within the plane. 

Thus, one should expect a free-electron-like Fermi circle for each of the 2D layers within 

the crystal. As there are 2 dimer pairs in each unit cell, each contributing a single carrier, 

the Fermi circle should have the same cross-sectional area as the Brillouin zone, thereby 

crossing the zone boundaries at four places (figure 6a). Of course, in a repeated zone 

scheme, the crossing of the Fermi circle with a Bragg plane represents a crossing, or 

degeneracy, of energy states. In a real system, this degeneracy is lifted by the 

perturbation created by the periodic potential, thereby splitting the two states at the Bragg 

plane. Thus, the Fermi surface must meet the zone boundaries at a normal. For K- 

(ET)2Cu(NCS)2 (figure 6b), this creates both a warped QlD electron sheet, as well as a 

Q2D hole pocket.

Figure 6. a.) The 2D free electron Fermi circle for K-(ET)2Cu(NCS)2 with no 
interaction with the Bragg planes, b.) The same Fermi surface once the 
perturbation has been turned on. The interaction with the Bragg planes creates 
both a QlD sheet and a Q2D cylinder.

Note that the actual band structure and Fermi surface for this material has been 

calculated previously, using the tight-binding method with the Highest Occupied
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Molecular Orbital (HOMO) approximation, and is shown in figure 7 [2], Surprisingly, 

the Fermi surface in figure 6b, obtained by general arguments, nearly matches the 

calculated FS. For a complete discussion of the calculations used to derive such results, 

see reference [2].
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Figure 7. The calculated a.) bandstructure and b.) Fermi surface for 
k-(ET)2Cu(NCS)2 from [2]. The perturbation at the Brillouin zone creates both an 
open and closed portion of the Fermi surface.

Measuring the Fermi surface

Several techniques are available for investigations of the specific structure of a 

material’s Fermi surface. One that has been extremely useful in the analysis presented in 

this thesis, is the measurement of the de Haas-van Alphen (dHvA) effect. This effect is 

observed by measuring the oscillatory magnetization of the sample as a function of an 

applied magnetic field, and can be understood using the semi-classical description of a 

charge carrier in a conductor [10].

This model is based on the assumption that the equations of motion for a charge 

carrier within a periodic potential in applied electromagnetic fields are given by

dr hk ,, x I defk)ir ^ =v(k)"^r ( 1 . 1 )
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dk
ft— = q(E + vxB ), (1.2)

where m* is the particle’s effective mass, k is its wavevector, and e(k) is the energy of 

the particle. If there are no external electric fields, equation (1.2) implies that the velocity 

component along the direction of the applied magnetic field, and the energy, e(k), are 

both constants of the motion. Thus, these two conservation laws completely determine 

the momentum space orbits of the charge carriers, Le., the electrons move along curves 

which are given by the intersection of surfaces of constant energy (e.g., the Fermi 

surface) with planes perpendicular to the magnetic field. Integrating equation (1.2) with 

respect to time, one obtains

f t (k -k J  = -e (r -r .)x B , (1.3)
;

where it is again assumed that there are no external electric field, and r  and k, r0 and k0 

are the position and momentum vectors of the charge carrier at times t and t = 0, 

respectively. This equation states that if. the carrier has a k-independent mass, then the 

real space trajectory will simply be a projection of the k-space trajectory scaled by the

' h '
factor —  and rotated by 90°. For the free electron case, the surfaces of constant energy

are spheres, and both the real and reciprocal space orbits are circles. Flowever, in general 

the k-space orbits will not be circular, and in the Q2D materials, the Fermi , surfaces are 

often warped elliptical cylinders, and in some cases the orbits are not even closed [2], 

For those orbits in k-space that are closed, the real space orbits are closed also and

and



11

according to the Bohr-Sommerfeld rule, the periodic motion must be quantized [11]. 

Thus,

<jp • d rz = ij* (ftk -  eA) • d rz = (n + y)2ti/z , (1.4)

where V x A = B, n is an integer and y is an undetermined phase factor. One can rewrite 

this quantum condition in terms of the flux 0  of B through the real space orbit:

0  = (n + y)— . (1.5)
e

Thus, only those real space orbits with a flux which passes through in an integral multiple

of the fundamental flux quantum, O 0 = —  (plus a phase factor), are permitted.
2e

Consequently, the applied magnetic field acts to quantize the real and, therefore, the k- 

space orbits of the charge carriers. The allowed area, An, in k-space where orbits are 

permitted is given by:

Ank , k „ )  = ̂ p ( n  + y), (1.6)

where en is the energy of a given k-space trajectory, and k,, is the component of the 

momentum along the field direction. This equation is known as the Onsager relation, and 

describes the allowed energy manifolds, or Landau tubes, which the charge carrier's can 

populate below the Fermi surface [11]. As an example, a picture of the Landau tubes 

contained within the free electron Fermi surface is shown in figure 8. As the applied 

magnetic field is increased, equation (1.6) states that the area of each of the k-space orbits 

(with quantum numbers, l...n) increases, while the areas of the real space orbits must 

decrease in order to conserve flux. When the radius of a Landau tube, with quantum
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number n, reaches the extremal cross-section of the Fermi-surface, Aext, the free energy 

will reach a maximum. A further increase of the magnetic field will cause that Landau 

level to depopulate, as the tube “pops out” of the Fermi surface, causing a sudden 

lowering of the free energy. Now the next tube, with quantum number n -  I, is the 

outermost available Landau state within the Fermi surface, and will behave similarly to 

the previous state upon increasing the magnetic field. Flence, one observes an oscillatory 

free energy with increasing magnetic field. The maxima of these oscillations are seen 

whenever An = Aext- This occurs at regular intervals of 1/B such that [11]

Consequently, one now has a relation that relates the periodicity of the oscillations of the 

free energy to the extremal cross-sectional area of the Fermi surface.

Figure 8. The free electron Fermi sphere (dashed line) in a magnetic field. The 
field acts to quantize the available energy states into discrete “Landau tubes”. As 
each tube passes through the Fermi surface, it depopulates, resulting in an 
oscillatory free energy.

The next step in this analysis is to connect the oscillations in the free energy to the

(1.7)

B

observed oscillations in magnetization (or conductivity for the Shubnikov de-Haas 

effect). This is easily seen by the thermodynamic relation [11]
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M  =  - I i 0
.5b J. (18)

This relation simply states that the magnetization is equal to the change in free energy, F, 

with respect to the change in magnetic field. Thus, if the free energy oscillates in a 

changing magnetic field, one should expect the magnetization to do so as well (see figure 

5.16) . This is the dHvA effect. One now has an empirical method for determining the 

size of the Fermi surface of a given material. Note that the various other measurable 

quantum oscillation effects all stem from the oscillatory free energy also. However, 

calculation of non-thermodynamic quantities is considerably more complicated, and the 

interested reader should refer to [11] for details on both the dHvA and other quantum 

oscillatory effects.

Although the above phenomena allows one to extract many material parameters, such 

as the effective mass of the charge carriers, extremal cross sectional areas of the Fermi 

surface and, in some cases, the actual topology of the Fermi surface, this work has been 

carried out previously for the organic superconductor [K-(ET)2Cu(NCS)2] which is of 

interest in this thesis. However, since this material has a Q2D Fermi surface, one should

expect the frequency of the dHvA oscillations to scale as f (0) = —------ -, where 0 is the
COS0

angle between the applied field and the direction normal to the superconducting planes of 

the crystal [11]. Thus, one has a highly accurate method by which to determine the 

orientation of the crystal with respect to an applied field. This will prove useful in 

chapter 4, where the angular dependence of the various superconducting phenomena 

within a field are investigated.
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Superconductivity

In 1908, H. Kamerlingh Onnes liquefied helium for the first time. Such a feat is truly 

amazing given the technology available at the time. Just three years later, by attaching 

leads to solid mercury, and cooling with liquid helium, superconductivity was discovered. 

Hence, 1911 marks the beginning of the superconducting era. The past 90 years has seen 

an amazing array of technological, theoretical and experimental advances within the field 

of superconductivity [12].
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Figure 9. Low temperature resistance for Hg, from [13]. As the temperature 
decreases, the resistance follows that of a normal metal, but at the 
superconducting critical temperature, Tc, there is a sharp drop to zero.

The phenomenon of superconductivity

By applying a voltage across the leads of materials such as lead, mercury and tin, 

Onnes noticed that below a certain critical temperature, the resistivity of these materials 

dropped to zero. Such a striking phenomena was dubbed “superconductivity”. Twenty- 

two years later, Meissner and Ochsenfeld found that these same materials also exhibited
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perfect diamagnetism, completely expelling magnetic fields below a critical flux density 

[12]. By this time, the following general rules were known to hold for these early 

“superconductors”:

1. Superconductors behave as if they have no measurable DC resistance below a critical 

current density.

2. They exhibit perfect diamagnetism (figure 10).

3. Superconductivity can be destroyed by application of a sufficiently large magnetic 

field.

B = O

Figure 10. A superconductor in the Meissner state. Below the critical field, Hc, 
all magnetic flux is expelled from the interior of the crystal. For type-I 
superconductors, above Hc, flux penetrates the entire sample as it is driven into 
the normal state. For type-II superconductors, two critical fields exist. Below Hci 
all flux is expelled as above, but above this field flux enters the crystal in 
quantized ,flux tubes. Above HC2 the entire sample is driven normal.

Although the above laws were known for several decades, and many models were 

developed to describe the various phenomena, a comprehensive microscopic theory 

would not be devised until the 1950’s. In fact, Bardeen, Cooper and ShrieffeFs (BCS) 

monumental paper, which suggested that quasiparticles at the Fermi surface could
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condense into a Bosonic, zero momentum, superfluid state of bound Cooper pairs (due 

to the electron phonon interaction), was the first to give a mechanism for dissipationless 

current flow [14]. For a quantitative introduction to the BCS theory, see references [15] 

and [16]. However, before the BCS theory was developed, several phenomenological 

theories were proposed to describe the second two properties listed above. The first, and 

most basic, was proposed by the brothers London in 1935, and is still used to this day for 

basic calculations, and to obtain a physical intuition about a given system [12]. The first 

assumption of this theory is that Newton’s 2nd law can be written in the following form:

m* ^ -  = -e*E, (1.9)

where m* is the mass of the supercurrent charge carriers, e* is the charge of the carriers, 

Vs is the supercurrent velocity, and E is the applied electric field. If one takes the 

supercurrent density to be of the form j s = -evsns, where ns is the superconducting carrier

i . 2
density, then the above equation becomes —- =  % E . With the inclusion of Faraday’s

dt m

3B
law, VxE = —— , one obtains the following relation: 

dt

d
dt

V x j s + ^ 4 - B (1.10)

Such a result is true of any perfect conductor. However, notice that any temporally 

constant value of j s and B will satisfy the above relation. Hence, a magnetic field that 

penetrated the sample in the normal state would be locked into the interior of the crystal 

as it passed into the superconducting phase. This, of course, does not happen, so the
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London brothers’ final assumption was to restrict the family of solutions of the above 

equation to those that satisfy [12]:

V x j s (1.11)
m

This equation states that dissipationless supercurrents flow at the surface of the crystal to 

completely shield the sample interior from the external magnetic field. Moreover, the 

above relation also predicts that any magnetic flux initially passing through the crystal 

will be completely expelled upon entering into the superconducting state.

Figure 11. The penetration depth, X,L, is the characteristic length for which 
magnetic fields decay within the interior of a superconductor. It is a direct analog 
of the skin depth in a metal.

If one now takes (1.11), and combines it with another of Maxwell’s equations, 

V x B =  JX0J  , one finds

n e 2
V2B = —5—j-B. (1.12)

Uom

The solution to this 2nd order partial differential equation is simply a decaying 

exponential of the form B «= ex p ^~ ^  j . Thus one defines the first characteristic length
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scale of a superconductor, Xl = ^ m '
[12]. Xl is the London penetration depth.

and is the direct analog of the skin depth in a metal (figure 11). It is simply the 

characteristic length that an external magnetic field can penetrate into the bulk of a 

superconducting crystal before decaying away. For atomic superconductors like Pb, Hg, 

and Sn, the penetration depth is on the order of nanometers (see table I).

- Table I. Penetration depths and coherence lengths for various elemental superconductors.

Metal Penetration depth Xl (|im) Coherence length (pm) hJko
Sn 0.034 0.23 0.16
Al 0.016 1.60 0.01
Pb 0.037 0.083 0.45
Cd 0.11 0.76 0.14
Nb 0.039 0.038 1.02

Ginzburg-Landau theory

To find the other characteristic length scale for a superconductor, one must first 

introduce the Ginzburg-Landau (GL) theory. This is another phenomenological model 

originally introduced to describe the more general phenomena of 2nd order phase 

transitions. GL postulated a complex, position dependent order parameter, \jz(r), which 

gives the local parametric ordering of the state, thereby defining the free energy. Then by 

minimizing this free energy with respect to the order parameter, and the vector potential 

in the presence of electromagnetic fields, one can solve for the order parameter self 

consistently [12, 15, 17]. Solutions to the relevant differential equations are actually very 

difficult, if not impossible, to obtain, resulting in various numeric approximations.



19

However, by using simplifying assumptions and restricting oneself to a narrow region of 

the field-temperature phase space, one can obtain some physical intuition for the 

consequences of this extremely powerful theory.

The most general form for the total Gibbs free energy functional for the 

superconducting state at finite temperature, in the presence of external fields, currents, 

and gradients is [17]

G(r ) = G no + 0M r )|2 + P H r)|4 + ̂ m*|( - ihV- 2eA)v]/(r)|2 + B ----H 0 ,
^ 2 2p,0 2

(1.13)

where Gno is the Gibbs free energy of the normal state and a  and {3 are phenomenological 

constants which depend explicitly on temperature; the fourth term on the right is simply 

the kinetic energy of a charged particle within an applied electromagnetic field, the fifth 

term is the energy due to the local magnetic induction, and the last terms (6 & 7) give the . 

energy due to the applied field. Note that the Gibbs free energy is the correct 

thermodynamic potential to use for a system at finite temperature in the presence of a 

magnetic field [17]. If there is no local superconducting order, the order parameter, by 

definition, goes to zero and one is left with the free energy functional 

B2 u H2
G(r) = Gno + -------H 0 -B + ——- ,  which is simply the free energy of the normal state

within an applied field. The GL theory is really just a generalization of the London 

theory, which accounts for possible variations of the superconducting pair density, ns> in 

space and fields strong enough to affect the value of ns, where one defines ns(r) = l\|/(r)l2 

[17]. As a historical note, in 1959 GoLkov was able to prove that the GL theory was



20

equivalent to the microscopic BCS model in the limit T ~ Tc, with the order parameter 

proportional to the superconducting energy gap [12].

Writing the complex order parameter as:

Y = M r )|exp[i<j)(r)] , (1.14)

where xj)(r) is the position dependent phase of the order parameter, one can minimize the 

free energy functional with respect to the order parameter and the vector potential using 

the calculus of variations, and assuming the gauge V-A = O.' Upon doing so, one obtains 

the celebrated GL differential equations [12]:

■^-r (-iW -2 eA )2xj/+av|/ + PM2Y = 0 » (1.15)

Js = - ^ ( y * V \|/- \] /V \|/* )-^ \ |/> A . (1.16)
m m

This leaves two coupled non-linear differential equations from which to determine \|/(r), 

the second of which is simply the definition of the. quantum mechanical current density. 

As mentioned above, this is a very difficult problem. However, one can obtain some 

physical intuition from the above results by looking at some very simple limiting cases.

First, consider the case where the order parameter is constant and there are no external 

fields, i.e., A = 0. In this case, xg(r) is real and equation (1.15) can be written as:

Iy - P = - X ) ,  (1.17)
P

where \)/M is the value of the order parameter in the absence of any magnetic fields or 

gradients. Notice that lx|/J2 is simply the local superconducting pair density and one can

write:
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A-l =
m*j3

4eVoWy
(1.18)

Next, one can relax the assumption of no magnetic fields, while considering the 

system well within the interior of the sample. In this region, the field will be completely 

screened by the Meissner currents flowing within A,L of the surface. Again, one should 

expect \|/(r) = \|/„, and one can write (1.13) as

G = G (1.19)

At the normal to superconducting transition, the free energy in the normal state must 

equal that of the superconducting state, so G = Gno, and one is left with the relation

I |2

H 2
c ( 1.20)

This relation states that, at the critical field, the flux exclusion energy is equal to the 

energy obtained by superconducting condensation. If one loosens the restriction of no 

currents or gradients, (1.13) can be written

2m a
V2f + f - f 3 =0, ( 1.21)

where f = (xj//x)/TO), is the normalized order parameter. From this equation one can identify 

another characteristic length as

2V27tp0H cXL ’
( 1.22)
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where <D0 -  —  is the flux quantum. This parameter is known as the coherence length,

and is interpreted as the characteristic length for spatial variations of the order parameter 

[12]. Another interpretation is that is the approximate radius of the bound 

superconducting Cooper pairs [17]. See table I for the coherence lengths characteristic 

of various elemental superconductors. Note that the following convention will be used 

throughout the remainder of this thesis: the inclusion of subscripts on the coherence 

length and penetration depths will indicate the ideal zero temperature values, while the 

absence of subscripts indicates the finite temperature values.

Having defined two fundamental lengths that characterize a superconducting system, 

it seems natural to take the ratio of the two parameters, K = Idhl0, where K is known as 

the Ginzburg parameter [12]. One can then show that K is a fundamental characteristic of 

a superconducting system. To do so, first consider a superconducting sample placed in an 

applied magnetic field. Given that the superconducting order cannot fall to zero abruptly 

at the sample Surface, but must do so continuously over a range of E1(T), the 

superconducting volume will be reduced by ~ A^(T), where A is the surface area of the 

domain wall at the interface between the normal and superconducting material. 

Consequently, this will increase the total free energy density of the system by an amount 

1Aji0Hc2A^(T). Likewise, the applied field will penetrate an amount X(T) into the interior 

of the sample. As energy is required to expel magnetic flux from the interior of the 

crystal, by reducing the effective volume of the crystal by allowing the applied field to 

penetrate a distance X into the sample, the superconductor saves a quantity of energy
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BapPMT)A • Therefore, the reduction in energy per unit area due to the interface

I Ican be written as <j = - | h0Hc2§(t ) - .-— B2ppX(T). At the critical field, the modified
2|i

1energy per unit area at the interface will be. given by a  = - | i 0H2̂ (T)[l -  k] [12]. From
2 ■

this relation, one recognizes two limiting cases, K «  I and K »  I.

H— X—H

Figure 12. The variation of B(r) and \|/(r) at the interface between normal and 
superconducting material for type-I (left) and type-II (right) superconductors. For 
k» 1, it is energetically favorable to create as many domain walls as possible, 
while for k« 1, the system’s energy is minimized by a single interface at the 
sample surface.

For the first case, K «  I (£ »  X), a  is positive, and the total free energy will be 

minimized by having the domain wall confined to the smallest available area. In this case, 

the interface between normal and superconducting material will be found only at the 

surface of the sample, and magnetic flux will be expelled from the crystal interior; 

thereby shielding the superconducting bulk from the applied magnetic field. When the 

magnitude of the field exceeds the critical field, Hc, the total energy of the system is no 

longer minimized by the superconducting condensate, and the sample is driven normal 

[12].
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Figure 13. The mixed state of a type-II superconductor in a uniform magnetic 
field. S indicates superconducting material, Dn is on the order of X.L, and 
Ds ~ (BappZO0)172.

In the other extreme, K »  I, and one finds that the surface energy is negative. Hence, 

the system will minimize its total energy by having as many interfaces between normal 

and superconducting regions as possible. This leads to the creation of many interfaces 

within the sample, until the quantum limit is reached. In this case, the interior of each 

interface can be thought of as a hole in the superconductor, and one can integrate 

equation (1.16) along a line (of radius greater than the penetration depth) encircling the 

hole created by the interface. Since currents in a superconductor only flow within a 

penetration depth of the surface, the line integral of the current will be zero, giving the 

relation

O = <jj • dl = <| ^ e1 a + ^ v ' (1.23)



25

Stokes’ theorem states that the first term is: Ja  ■ dl = J(V x A) • dS = J-B ■ dS = 5), where

O is the flux enclosed by the integration line. Moreover, since the order parameter must 

be single valued, the change in phase about the integration loop must be 27m, where n is 

an integer. Thus, the second term in (1.23) gives: <jV<t> • dl = A<j) = 27m. Combining these

results, one concludes that the magnetic flux enclosed by the hole (interface) must be 

quantized

where <$>0 is the flux quantum. Consequently, in order to maximize the free energy, the 

magnetic field penetrates normal regions of the sample in quantized flux tubes, each 

containing a single flux quantum, while the remainder of the material remains 

superconducting. This is quite different from the previous case and is, therefore, called a 

Type-II superconductor. In these types of materials, one no longer sees a single critical 

magnetic field, but now two: Hci corresponds to the field above which magnetic flux 

penetrates the sample in quantized tubes (below this field, flux is completely expelled 

from the interior just like the Type-I superconductors); the second critical field, Hc2 

corresponds to the situation when so much flux has penetrated, that the normal cores of 

the flux tubes within each interface overlap, thereby reaching the percolation threshold 

for the superconducting material. The two critical fields are related by,

2e (1.24)

where Hc is the thermodynamic critical field defined by

equation (1.20) [12]. For type-I superconductors, the transition from the normal to the 

superconducting state is found to be 1st order, resulting in a latent heat (except when T =
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O and B = O, where it is 2nd order), while the normal to superconducting transition at Hc2, 

for type-II superconductors is an almost perfectly 2nd order, or continuous phase 

transition [17].

................>
n o r m a lX

T C K )

Figure 14. The mean field phase diagram for a general type-II superconductor. 
As will be seen in later chapters, the actual phase diagram for layered materials is 
much more complicated.

Vortex structure

Now that it has been determined that magnetic flux penetrates a Type-II 

superconducting crystal in quantized flux tubes, one can investigate the structure of the 

individual flux quanta. Near Tc, \j/(r) will be small, and one can make the approximation 

that the 3rd term in the GL expansion of the free energy [equation (1.13)] can be dropped. 

Thus, the first GL differential equation, (1.15), looks much like the time independent 

Schrodinger equation for a particle in an external magnetic field, while the second, 

(1.16), gives the supercurrent density [17]:
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2tzA
\2

o y v m V '
(1.25)

" m - W ’ A- (1.26)

-  i/zV +
v

, eh
■ J s =  —m

However, the solution to the Schrodinger equation for a particle in a magnetic field is 

well known, and simplifies to a particle in a harmonic oscillator potential. Thus, 

superconducting pairs will execute periodic motion in a plane perpendicular to the 

fluxoid, i.e., they will circulate around each magnetic flux line which penetrates the 

sample, hence the name vortex [17]. This circulating supercurrent around the normal 

core of the vortex acts to screen the normal carriers within the core from the surrounding 

superconducting material. A rigorous derivation of the structure of an isolated vortex is 

given in reference [12]. For extremely large values of k, which will be the case for the 

organic superconductor studied in this thesis, one can use the London approximation to 

determine the approximate vortex structure. Using (1.25) above, and Maxwell’s equation 

VxB = [t0J  , one finds the supercurrent flow pattern in the vicinity of a flux line from

2 I d f  dBxAr -
r dr

r —
V dry

B=O. (1.27)

The solution to this differential equation is

' r '
w

(1.28)

where K0 is the Bessel function of order zero and imaginary argument, and n is an integer 

usually of value one. Plugging this solution into Maxwell’s equation above gives the 

flow pattern:
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T -  n0Q K f ±
' 2 ^ (1.29)

where Ki is a first order Bessel function of-imaginary argument [12]. For r »  X, (1.29) 

simplifies to Js ~ exp(-r/X). Thus the vortex structure looks much like that outlined in 

figure 15.

Figure 15. The structure of an isolated vortex, for K » l. The maximum value of 
B(r) is approximately 2poHd.

Relevant energy scales

Determination of the behavior of these vortices within the ET based organic 

superconductor, K-(ET)2Cu(NCS)2, will be discussed in chapters three and four of this 

thesis. The problem of understanding the interactions that these vortices have with each 

other, the underlying crystal structure of the superconductor, as well as environmental 

factors, such as temperature and changing external electric and magnetic fields is, 

perhaps, one of the most widely studied areas of contemporary condensed matter physics 

[18]. To begin to understand the underlying nature of this problem, one must first look at 

the relevant energy scales which determine the behavior of the superconducting system 

placed within a magnetic field.
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For a perfect superconductor at zero temperature, the magnetic flux will penetrate the 

crystal in three-dimensional flux tubes. This can be visualized as straws poking through 

play-dough (see figure 13). Each flux tube, or vortex, repels every other flux line with a 

functional dependence that scales approximately as ev-v ~ ln(r-r0) for moderate applied 

fields. This repulsion is simply due to the overlapping supercurrents of the neighboring 

vortices, which flow in the opposite sense at the position between the interacting flux 

tubes [16]. Thus, as with any system of repulsive objects, the vortices will order in a 

triangular lattice, also known as the Abrikosov vortex lattice [19]. This should be the 

arrangement of vortices within any type-II superconductor at zero temperature and with 

an applied field of Happ ~ Hci (see figure 39). Of course as the temperature increases, the 

average energy of the system also increases, causing the vortices to move about their 

mean positions, due to thermal fluctuations. The energy associated with an increase in 

temperature scales as one would expect, Etemp ~ kBT [19]. In fact, it will be shown that if 

the thermal fluctuations in the positions of the vortices becomes large - on the order of 

the inter-vortex distance - then the vortex flux lattice has essentially melted, and become 

a vortex liquid.

For the layered materials of interest in this thesis, one can think of shrinking a bulk 3D 

superconductor down to a thin film, and then stacking a series of these films with 

insulating layers in between. The crystal structure is now made up of layers of 

superconducting material separated by. layers of insulators. Hence, rather than 3D flux 

tubes, the vortices now form small segments in each superconducting layer known as 2D 

pancake vortices. These 2D vortices are then connected with pancakes in adjacent layers 

with magnetic (Josephson) strings running through the insulating sheets. The interaction
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energy of vortices between layers is weakly attractive simply due to the tension of the 

magnetic field lines, and has the form: Elayer ~ exp[-(r -  r0)] [19]. Consequently, the 

pancakes in different layers want to line up to recreate the 3D flux tubes. However, due 

to the weakness of the magnetic tension, and the exponential decay of that interaction 

with distance, only very small magnetic fields are required to decouple the layers, i.e., the 

inter-vortex interactions within a layer are so strong that the inter-vortex attraction 

between layers is negligible. This leaves the system as a series of 2D superconducting 

sheets of pancake vortices, which are highly correlated within each layer, but essentially 

uncorrelated with vortices in adjacent layers.

Figure 16. Strings of pancake vortices in a layered superconductor. Due to the 
strong vortex-vortex repulsion within the planes, and the weak attraction between 
vortices in adjacent layers, the 2D sheets decouple at a characteristic field Bdc.

Finally, defects within the underlying crystal structure can trap, or pin, vortices in 

place. This is due to the reduced superconducting order at the location of the defect, and 

the fact that the normal core of a given vortex has zero superconducting order as well. 

Therefore, the system can minimize its total energy by having the local normal states of 

both the defect and the vortex core overlap. The interaction energy associated with
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crystal defects varies depending upon the type of defect (point-like or extended), and 

therefore has no set functional form [19]. However, since defects have not been 

intentionally added to the crystals studied in this thesis, they are assumed to be point-like, 

and create rather shallow potential wells that pin the vortices. Although it is difficult to 

determine the exact form of these potentials, one can treat them with the approximate 

energy scales at which the defects appear. That energy can be determined from 

measurements of the critical current density, which will be discussed in detail in later 

chapters. For now, it is noted that the relevant energy scales of each of the mechanisms 

mentioned above all fall within an order of magnitude of each other, creating a very 

complex phase diagram for the vortex structure within the mixed state of these materials 

[18]. Hence, within the mixed state of a layered type-H superconductor, one finds an 

extremely rich variety of behaviors. In effect, it is a condensed matter system within a 

condensed matter system, and simply by varying the ambient temperature and applied 

magnetic field, one can create vortex liquids, solids, glasses, etc. [19]. In this sense, 

vortex matter provides the perfect laboratory for studying general phase transitions. 

Moreover, a complete understanding of vortex physics is essential for future 

technologies, i.e. one must be able to understand the physics of these materials in order to 

exploit their properties for technological advances.
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EXPERIMENTAL TECHNIQUES

The material in this chapter describing the microwave measurements can also be 

found - in the article: Instrumentation for millimeter-wave magnetoelectrodynamic 

investigations of low-dimensional conductors and superconductors, M. M. Mola, S. Hill, 

P. Goy, and M. Gross, Review of Scientific Instruments 71, 186, 2000 [20].

Millimeter-wave measurements

Introduction

Microwave measurement techniques have been used in experimental condensed 

matter physics for the. better part of the last century. Throughout that time, significant 

advances have been made within the field, providing ever more sensitive and ingenious 

experiments [21]. The significance of the millimeter and sub-millimeter wave spectral 

range is due to the characteristic energy scales of a variety of phenomena which occur 

within many of the novel materials pertinent to contemporary physics. For example 

these techniques have been used to probe electron paramagnetic resonance in magnetic 

systems [22], cyclotron like studies in novel conducting materials [2], and a slew of 

phenomena in the superconducting state including: determination of the penetration depth 

[23], energy gap [12], and analysis of collective electronic modes [24]. Due to the varied 

uses and power of such a technique, one would think high frequency electron magnetic 

resonance (and non-resonance) has become one of the more widely used techniques 

available to date. However, as will be shown, microwave measurements are difficult to
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perform, particularly in the presence of large magnetic fields, which restricts the number 

of researchers presently working in this frequency range.

The reasons for this difficulty can be attributed to several factors. The first is a lack of 

commercial spectrometers available for this spectral range. Those that are available are 

quite expensive, often difficult to use, work over a narrow frequency range, and posses 

either low power or unstable output. The second is that spectroscopy at these high 

frequencies is complex, particularly in the case of metals, where the high reflectivity 

requires extreme sensitivity to small changes in the complex conductivity. The inclusion 

of large magnetic fields (> I tesla) complicates matters considerably, as the typical bore 

size of most magnets [including those at the National High Magnetic Field Laboratory 

(NHMFL) and Montana State University (MSU)] severely confines the space with which 

to couple the microwave radiation from the spectrometer (source and detector) to the 

sample. Although these problems prove difficult, they are by no means impossible to 

overcome, and a method will be described here, by which measurement sensitivity is 

maximized, while maintaining a broadband spectral range (16 -  200 GHz) for 

investigation of novel materials.

Technical Description

The MYNA. The Millimeter wave Vector Network Analyzer (MVNA) [9, 25, 26] 

acts as source and detector,.for phase and amplitude sensitive transmission experiments. 

The MVNA 8-350, which employs purely solid state electronics, allows measurements 

over an extended frequency range (8-350 GHz) through harmonic multiplication of a 

tunable centimeter source Si, which provides a nominally flat output power in the range
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of Fi =8-18 GHz. The mm-wave signal is extracted from a Schottky diode (harmonic 

generator -HG) which has been optimized to produce the desired harmonic N of the 

sweepable cm source, i.e., Fmm = NxF] .  Detection is then achieved by mixing the mm- 

wave signal Fmm with the signal from a second cm source S2, at a second Schottky diode 

(harmonic mixer -HM). The beat frequency Fbeat, which preserves the phase and 

amplitude information of the mm-wave signal relative to the local oscillator S2, is then 

sent to a heterodyne vector receiver (VR).

The low noise floor of the MVNA is achieved by defining the frequency difference 

between the two cm sources, Si and S2, using a main oscillator (see figure 17). If one 

then uses the same harmonic rank on the source side (HG), and on the detection side 

(HM), the phase noise associated with the cm sources cancels in the beat signal Fbeat, 

which is sent to the VR. Thus, the phase reference of the VR can be taken directly from 

the main oscillator [27].

Vector
Receiver

Experiment

Counter

ReferencePhase Control

Stabilization

Figure 17. Schematic diagram of the MVNA, which acts as source and detector 
for the millimeter-wave measurements.

With the noise characteristics of the analyzer optimized, its dynamic range is limited 

only by the harmonic conversion efficiency of the Schottky diodes. For experiments
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conducted in this thesis, four pairs of Schottky diodes were used, operating in the K 

(~ 16-36 GHz, N = 2 and 3), V (~ 45-70 GHz, N = 3 and 4), W (70-110 GHz, N = 5 and 

6), and D bands (~ 110-200 GHz, N = 7-12). The V-band diodes are nominally flat 

broadband, while the W and D band diodes are mechanically tunable and require 

optimization each time the source frequency is changed. Operating in this mode, it is 

possible to perform bench-top tests up to 350 GHz. Table 2 lists the optimum dynamic 

ranges achieved at M^U (MYNA 8-350-1-2) in each frequency band, for each harmonic 

up to 200 GHz (N=12). Similar analyzers are in use at several high magnetic field 

laboratories around the world; in particular, the national magnet labs in the US and The 

Netherlands have MVNA 8-350 analyzers (with ESA options) which are available to 

external users. The MVNA at the NHMFL, which has been used for some of the studies 

discussed in this thesis, additionally operates in the Q (30-50 GHz, N=3), and X (8-18 

GHz, N= I) bands.

Table 2. Dynamic range achieved for various frequencies in each microwave band.

Band, Harmonic Frequency (GHz) Dynamic Range (dB)
V5N = 3 48 >128
V5N= 4 60 >128
V5N= 4 70 126.4

W5N = 5 79 105.7
W5N = 5 88 103
W5N = 6 99 94
W5N = 6 108 83.8
D5N = 8 119 83
D5N = 9 135 76.8

d % Ii O 157 65.3
D5N =  12 186 57.8
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Although the cm sources are phase locked to each other, their absolute frequencies 

must also be stabilized. The frequency precision and stability provided by the MVNA 8- 

350 is not adequate for narrow band cavity perturbation measurements when the 

bandwidth of the cavity is less than about 100 MHz. For this reason, it is common to 

phase lock one of the sources (i.e. both) to a quartz standard. To this end, EIP 575 source 

locking frequency counters [28] are used, which provide both the stability and precision 

necessary for the measurements described in this thesis. One other mode of operation 

involves phase locking the source Si directly to the high Q cavity resonator used in the 

experiment. The counter is also useful in this case for recording changes in the 

dispersion within the cavity (resonance frequency). Comparisons between the two 

frequency locking techniques are discussed in detail shortly.

The dynamic ranges listed in table 2 represent ideal values for the MVNA 8-350 

assuming no insertion losses between HG an HM. Due to the considerable size of a

typical magnet cryostat and, in particular, the dimension separating the magnetic field
1

center and the top of the cryostat (~ 1.5 m), a considerable insertion loss is unavoidable. 

Furthermore, it is essential to keep a reasonable distance ( - 2 m )  between the MVNA 

and the magnet, since the cm sources (YIG oscillators) are sensitive to stray magnetic 

fields of more than a few Gauss. The Schottky diodes (HG an HM) on the other hand, 

are not field sensitive and may be placed closer to the experiment. Thus the cm and beat 

frequencies are propagated between the MVNA and the Schottky diodes through flexible 

low loss coaxial cables, which introduce a combined insertion loss of 4-5 dB. 

Meanwhile, the mm-wave signal is propagated from HG to the cavity within the. magnet 

cryostat, and back to HM, using a pair of rigid waveguides. These waveguides account
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for a major part of the insertion loss of the system. Minimizing these losses is the subject 

of further sections of this thesis. A schematic of the experimental arrangement is shown 

in figure 18.

Schottky
diodes

Vacuum
■tight
windows

-Vacuum jacket
Radiation
baffles

-Waveguides 
I Copper

.Waveguide
couplers

Figure 18. The mm-wave experimental apparatus for laboratory fields. The 
dewar used at the NHMFL is slightly modified to fit into the bore of the resistive 
magnets.
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In addition to its use as a source and detector for solid state spectroscopy, the network 

analysis capability of the MVNA is crucial during the development stages of a 

measurement system. The frequency sweeping capability can be used to determine the 

precise location of impedance mismatches and/or microwave leaks from the system, and 

for the characterization and optimization of different resonator designs.

The Sample Probe. The primary goal of this particular experimental setup is to be 

able to conduct sensitive cavity perturbation measurements, at low temperatures and high 

magnetic fields over a broad frequency range. Here, an experimental scheme will be 

described - the sample probe - for coupling the MVNA to various enclosed cylindrical 

and rectangular resonator configurations, which can easily be inserted into a high field 

magnet cryostat. The sample probe refers to the passive microwave hardware which has 

been developed, and is compatible with, both laboratory and NHMFL magnet systems. It 

consists of the following components: two long waveguides for propagating mm waves 

from the HG, into the magnet cryostat (incidence waveguide), and back to the HM 

(transmission waveguide); a demountable cavity, of which two standard types have been 

developed; a coupling between the cavity and the incidence and transmission 

waveguides; a vacuum tube to isolate the probe from the surrounding liquid cryogens; 

and electronics for controlling the sample temperature, and for magnetic field 

modulation. Figure 18 shows a schematic of the probe situated within the laboratory 

superconducting magnet cryostat.

Two key experimental objectives must be established: (I) it should be possible to 

make measurements at several well separated frequencies without the need to interfere
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with the sample probe, or to remove it from the magnet cryostat, and (2) the sensitivity, 

dynamic range, and mechanical stability of the measurement system should be optimized 

as far as possible. The flexibility in choice of frequency is important for experiments at 

the NHMFL, where magnet time is often limited. There are also other advantages to this, 

e.g., by not having to interfere with the sample, it is possible to ensure that it sits in an 

identical electromagnetic field distribution for a given series of cavity modes. The 

second goal is fairly self-explanatory; nevertheless, high sensitivity comes at the expense 

of some flexibility. To this end, a rigid construction has been chosen, i.e., no in situ 

rotation of either the cavity or the sample within the cavity is possible. Such mechanisms 

tend to result in radiation leakage from the cavity and diminishing the sensitivity.

The success of recent measurements owes as much to the reductions in the insertion 

losses associated with the sample probe, as it does to the optimization of the cavity 

designs. In this section, the technical details of how to propagate mm-wave radiation 

from the Schottky diodes into a low temperature cryostat (pumped 4He) within the bore 

of a high field magnet system where the resonant cavity containing the sample is situated, 

is discussed. As illustrated in figure 18, the laboratory setup utilizes a separate inner 

cryostat to control the temperature of the experiment. This cryostat, which sits within the 

bore of the superconducting magnet, draws liquid helium from the main reservoir into its 

tail, which is thermally isolated from the main helium reservoir, thus allowing good 

control over the sample temperature.

The microwave probe is based on V-band rectangular waveguides, which are 

terminated at their source/detector ends with UG385/U flanges [29] for convenient 

connection to the Schottky diodes. V-band waveguide cuts off below ~ 45GHz, which is
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sufficiently low for most of the intended applications. However, in the rare cases where 

low frequencies are required, a second probe of similar design has been manufactured 

from X-band, rectangular waveguide. This second probe allows for measurements in 

both rectangular as well as cylindrical cavities in the frequency range of 8 - 40 GHz. 

Note that, due to the small bore of the high field magnets at the NHMFL, this second 

probe is not compatible with these magnets and is, therefore, used only within the magnet 

at MSU.

Commonly used low loss, high conductivity, waveguide materials such as copper or 

silver are not ideal for the entire length of the sample probe. Unacceptable heat flow 

down the waveguides and into the cryostat leads to excessive liquid helium boil off and • 

limits the ability to cool the cavity/sample to pumped 4He temperatures (~1.5 K). For 

cryogenic purposes, stainless steel (SS) waveguide [29, 30] offers an attractive 

alternative: it has both a low thermal conductivity [31] and it is possible to use thinner 

walled waveguide material [32]. Unfortunately, the microwave losses in SS waveguide 

are severe, as illustrated in figure 19, which shows a comparison between the insertion 

losses for SS and Ag, as measured using the frequency sweeping capability of the 

MVNA; note that, in this range, the losses of SS exceed 10 dB/m, whereas the loss in Ag 

is less than 2 dB/m [33]. The solution, therefore, is to construct composite waveguides 

from highly conducting waveguide sections isolated by SS sections. Although this 

necessitates several joints in the waveguide assembly, these do not significantly impair 

the functionality of the waveguide.
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Figure 19. A comparison between the insertion losses for stainless steel and silver 
V band waveguides at room temperature.

Placement of the SS waveguide sections is crucial to the cryogenic performance of the 

system, as illustrated in figure 18. The largest temperature gradient occurs in the upper 

part of the magnet dewar, where the radiation baffles are situated. It is in this region that 

SS is first used. Short SS sections are again used at the lower end of the probe in order to 

thermally isolate the cavity/sample from the long Cu/Ag sections, which run from just 

below the baffles, through the liquid 4He reservoir, and into the bore of the magnet. The 

cavity and sample are, therefore, more-or-less isolated from the main 4.2 K helium 

reservoir, enabling control over the temperature of the cavity/sample from about 1.35 K, 

up to 40 or 50 K. The lower SS waveguide sections have been gold plated [34] for 

reasons which are discussed in the following sections.

An unforeseen benefit of the composite waveguide construction, which greatly 

improves the mechanical stability of the probe, is its insensitivity to the liquid helium
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level in the magnet cryostat. Assuming that the Cu/Ag sections maintain a fairly uniform 

temperature (~ 4.2 K) over their entire length, due to their high thermal conductivities, 

the temperature gradient in a single SS section does not depend on the liquid helium 

level. In contrast, the thermal gradient in a single SS section immersed in liquid helium 

would depend on the level of the liquid, causing the waveguide to expand slightly over 

time, thereby affecting the microwave phase stability of the system.

The SS and Cu/Ag rectangular waveguide sections, which have different outer 

dimensions [32], are coupled together using specially machined clamps, which screw 

tightly around the waveguides. The joints are staggered so as to minimize crosstalk 

between the waveguides due to any microwave leakage from the joints. Thus, although 

both waveguides pass through each clamp, only one of the waveguides is joined at each 

clamp. This construction is extremely rugged, yet it easily permits modification in the 

overall probe length, and in the placement of SS sections. Therefore, the same 

waveguide assembly can easily be reconfigured for use at other magnet facilities such as 

the NHMFL.

Finally the entire sample probe fits tightly inside a 0.750 inch outer diameter (0.020 

inch wall) vacuum jacket. The integrity of the vacuum is maintained across the 

waveguides at their room temperature ends using Mylar windows clamped between 

standard flanges (UG385/U) which have been modified to hold rubber O-rings. Again, 

the vacuum seals on the incident and transmission waveguides are offset, and then 

wrapped with steel wool to minimize crosstalk. A hermetically sealed connector 

provides 19 electrical feedthroughs for thermometry, field modulation coils, and for 

powering a heater.
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The basic principle behind the cavity perturbation technique is relatively.simple, and 

involves' measuring changes in the complex cavity parameters (i.e. resonance frequency 

f0 and Q value) upon insertion of a sample [35]. Relating these changes to the complex 

electrodynamic properties of the sample can be a formidable task. Therefore, the reader 

should refer to a series of three articles [36, 37, 38] dealing with this analysis for 

precisely the types of materials which are studied in this thesis, i.e., highly anisotropic 

crystalline conductors. However, in order to reliably apply such an analysis, it ,is 

essential that one first consider how each element in the sample probe effects one’s 

ability to extract the relevant information from the cavity mounted at the end of the 

probe. This is a formidable task in itself, which is complicated considerably by the 

restricted access,into the bore of a typical high field magnet cryostat, and by the need for 

the probe to accommodate cavities resonating over a broad frequency range.

The task of optimizing the probe design is best tackled by considering an equivalent 

ac circuit (figure 20). Each component of the probe may be modeled as a self contained 

LRC circuit which is inductively coupled to the next. The Schottky diodes, HG and HM, 

attach to the. upper ends of the incidence and transmission waveguides, which have 

impedance Zi and Zt , respectively. The. coupling between HG (HM) and the incidence 

(transmission) waveguide is modeled as a coupling mutual inductance hihg (HIhm)- The 

cavity, which is mounted at the lower end of the two waveguides, and has impedance Zc, 

is coupled to each of the waveguides through coupling mutual input (Hiin) and output 

(m0ut) inductances. Ideally, the incidence and transmission waveguides should be 

coupled solely through the cavity. However, a leak signal between the incidence and
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transmission waveguides, in parallel with the cavity, is inevitable; this is modeled as a

direct coupling mutual inductance mi between the two waveguides.

—(HG)—  — @ —

mHG mHM1~x ju u u u -j

Figure 20. An equivalent LRC circuit of the microwave components of the 
sample probe. The coupling between various components is modeled as a mutual 
inductance.

It is changes in Zc, caused by the insertion of a sample into the cavity, which one 

would like to measure in a cavity perturbation experiment. Since the MVNA measures 

phase and amplitude, it is important to see how Zc affects both of these parameters. 

Before considering the probe as a whole, i.e., the entire circuit in figure 20, one must first 

examine the cavity by itself. Variations in the amplitude and phase of a wave transmitted 

through the cavity, as the frequency f is swept across a resonance, are given by

A'(f) =
i + [ 2 ( f - f 0 ) /r ]2 ’

(|)(f) = -  arctan

(2 .1)

r
(2.2)
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where fQ is the center frequency and F is the full width at half maximum (FWHM) of the 

resonance. These expressions have been normalized so that A = I  and <j) = 0 at resonance. 

As f is swept from 0 to A and f sweep out a circle in the complex plane, where the real 

and imaginary amplitudes are given by Ai (f) = Acos<|) and A2(f) = Asin(J), respectively, or

A1 (f) 

A2 (f)

I
i + [ 2 ( f - f o)/r]2 ’

2 ( f - f o ) / r
i + [ 2 ( f - f o)/r ] 2 ’

(2.3)

(2.4)

the more familiar expressions for a Lorentzian. Such a circle is shown in figure 21a, for a 

resonance at 60 GHz, with a Q of 5000. Each point in the figure corresponds to a 

different frequency, and the frequency interval between each point is 800 kHz. Points 

closest to the origin correspond to f  «  60 GHz and f »  60 GHz. The resonance 

frequency, f0, lies along the real axis, (|) = 0, where spacing between points is greatest, Le., 

when the phase rotates the most rapidly with frequency. Clockwise rotation around the 

circle represents increasing frequency. The corresponding changes in A(f) and <j)(f) and 

Ai(f) and A2(f) are shown in figures 21b and 21c respectively.

In a locked frequency experiment, changes in the dispersion (Jm(Zc)) cause the cavity 

to go off of resonance, Le., the point corresponding to f0 in figure 21a will move away 

from the real axis. Provided that this effect is weak (a perturbation), the dominant result 

is a change in the phase of the signal transmitted through the cavity, and no appreciable 

change in the amplitude. Conversely, changes in dissipation (Re(Zc)) within the cavity 

will result in a reduction in the amplitude of the signal transmitted through the cavity and 

hence, a reduction in the diameter of the circle in figure 21a. Dissipation alone does not
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move f0 away from the real axis and, therefore, does not effect the phase of the wave. 

However, dispersion can affect both the amplitude and the phase of the wave if f0 moves 

appreciably away from the real axis. For this reason, it is often desirable to conduct a 

phase locked experiment, which completely decouples these two effects. With a phase 

lock, the cavity stays on resonance [on the real axis in figure 21a], the dispersion affects 

the resonance frequency only, which one can measure with a frequency counter. 

Meanwhile, changes in dissipation again effect the amplitude of the transmitted signal 

only.
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Figure 21. Simulation of the complex parameters of a wave transmitted through a 
cavity, with a resonance at 60 GHz, and Q = 5000. a. Linear amplitude and phase 
versus frequency in the complex plane, b. Linear amplitude and phase versus 
frequency, and c. A, and A2 linear amplitudes versus frequency.
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Unfortunately, each of the additional circuit elements required to link the MVNA to 

the cavity, and/or improper coupling between these components, has the potential to 

seriously distort the simple relationships between dissipation, dispersion, amplitude, and 

phase discussed above. Ideally, the sample probe should be passive, low loss, insensitive 

to temperature and magnetic field and, with the exception of the cavity, should have a 

flat, broadband frequency response. In practice, this is never actually possible to achieve. 

Nevertheless, by conducting a thorough characterization and optimization of each 

element in the microwave circuit (figure 18), it is possible to minimize these instrumental 

effects to negligible levels. The MVNA performs a pivotal role in this hardware 

development process.

A leak wave bypassing the cavity directly through to the transmission waveguide has 

two adverse effects. First it diminishes the useful dynamic range - ideally 100% of the 

signal reaching the detector should pass through the cavity. Second, if the leak amplitude 

is comparable to the amplitude of the signal passing through the cavity, the resonance 

may become severely distorted, making it extremely difficult to distinguish between 

dissipative and dispersive effects within the cavity. As illustrated in figure 22, a leak 

wave adds a complex vector to the signal transmitted through the cavity. By minimizing 

the leak, one can control its amplitude. However, it is not possible to control the phase of 

the leak wave. Consequently, big leaks lead to an arbitrary vector translation of the circle 

in figure 21a. This is a pure translation, i.e., the same vector translates each point on the 

circle. Hence, the line joining the resonance frequency f0 and the f = 0 and °o points, 

remains parallel to the real axis. As a result, the transmitted amplitude on resonance is 

not necessarily the maximum amplitude; indeed, it can take on any value from zero to
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one plus the leak amplitude. This is illustrated in figure 22 for an arbitrary translation of 

the circle in figure 21a, together with the corresponding variation in amplitude and phase, 

plotted versus frequency. It is apparent from this figure that the phase of the leak signal 

is entirely responsible for the way in which the dissipation and dispersion affect the phase 

and amplitude of the signal transmitted through the cavity. Thus, an appreciable leak 

signal is intolerable, and one must take every step possible to reduce the leak in the probe 

to at least 20 dB below the typical signal transmitted through the cavity on resonance, as 

discussed above.
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Figure 22. The effect of a leak wave on the ideal resonance in figure 21. a. The 
resonance frequency, f0, no longer lies on the real axis, thus, f0 no longer 
corresponds to the maximum amplitude, resulting in a distortion of the Lorentzian 
line shapes in b. and c.
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Standing waves in the waveguides are unavoidable and, without proper attention, can 

cause considerable, problems, especially when operating in, the phase-locked mode in 

which the incident mm-wave frequency is locked to the cavity resonance frequency. 

Changes in this frequency will result in changes in the phase and amplitude of the mm- 

wave incident upon the cavity. Thus, it becomes impossible to distinguish between the 

intrinsic cavity response and the spurious effects due to the standing waves. 

Furthermore, the phase is no longer truly locked to the cavity resonance under these 

circumstances, but rather to the coupled response of the entire circuit in figure 20. 

Standing waves should not be ignored altogether in the frequency locked mode either, 

particularly when the cavity is well coupled to the waveguides. Under these 

circumstances, changes in Zc influence the impedance matching between the cavity and 

the waveguides (i.e., Hiin and Hiout) and therefore, affect the standing waves.

There is little to be gained from trying to eliminate the standing waves completely. 

This would require precise impedance matching of each component in figure 20, which is 

only possible to achieve over a narrow frequency range and would, therefore, defeat the 

purpose of the probe, which is intended to work over a fairly broad frequency range. 

Instead, one must concentrate on minimizing the influence of the standing waves on a 

measurement at any given frequency. This is achieved by reducing the frequency 

bandwidth of the measurement to well below the periodicity of the standing wave pattern, 

so that the response of the waveguide is essentially flat over the relevant frequency 

interval. In this way, a range of cavities or cavity modes may be utilized, covering an 

extremely broad frequency range in comparison to the standing wave periodicity.
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Meanwhile, each cavity mode samples only a minute portion of the waveguide spectrum, 

over which its response is essentially flat.

The fastest standing wave period is governed by the longest dimension of the probe, 

which is about 3 m in this case (HG to HM, via the cavity). This gives rise to a standing 

wave periodicity of about 100 MHz which, in turn, requires cavity filling factors (volume 

of sample/volume of cavity) of less than IO'4, so that the frequency shift in any given 

measurement never exceeds about IO'4 of the measurement frequency, i.e., Sf0 < 10 MHz 

for f < 100GHz. Cavity filling factors of between IO'5 and IO'4 are typical for the types 

of samples studied here, so standing waves do not pose a problem in this measurement 

regime. Nevertheless, to compensate for the small filling factors, it is essential to have Q 

factors on the order of IO4. In order to attain such high Q values, the cavity must 

necessarily be coupled weakly to the waveguides, which further reduces problems 

associated with standing waves.

Phase instabilities, and/or a strong frequency dependence of the phase reaching the 

VR, can lead to a variety of problems. Although the internal sources within the MVNA 

are phased locked, additional phase jitter can arise in the mm-wave signal due to 

mechanical and/or thermal instabilities in the sample probe. Mechanical vibrations do 

not pose any problems either at MSU or at the NHMFL, due to the tight fit between the 

sample probe and the SS vacuum jacket. However, thermal stability is essential for 

achieving the best results. Due to extremely high cavity Q values, minor temperature 

fluctuations can lead to significant phase instabilities, particularly when studying samples 

with a strongly temperature dependant electrodynamic response. For this reason, active 

temperature control is necessary. Long-term thermal stability of the entire probe,
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including the 1.5 m waveguide sections, is also desirable and is best achieved using the 

composite waveguides described in the previous section.

A strong frequency dependence of the phase reaching the VR occurs when the 

distances between the sources, Si and S2, and the HM are very different. The signal 

originating at Si has to travel the extra 2 x 1.5 m into, and out of, the magnet cryostat. 

For this reason, it can be beneficial to compensate for the extra distance between S1 and 

HM by adding 3 m of coaxial cable between S2 and HM, especially when performing 

phase locked or frequency swept measurements, even though this introduces an extra 2-3 

dB insertion loss.

Spurious magnetic resonances caused by paramagnetic contamination of either the 

cavity, or the waveguides close to the magnetic field center, will give rise to both sharp 

and broad instrumental features [electron paramagnetic resonances (EPR)] in the 

transmission versus' magnetic field response of the system. These spurious resonances 

can be hard to distinguish from the genuine response of the sample within the cavity, and 

should be eliminated so that the magnetic field response of the unloaded probe (i.e., with 

no sample) is as flat as possible. The SS waveguide sections cause the most severe 

problems, which is likely due to the presence of small traces of Fe3+ (rust) at the surface 

of the metal. For this reason the SS sections, which couple directly to the cavity, have 

been gold platted. This not only reduces the insertion loss due to these sections, but also 

completely eliminates a broad instrumental resonance, leaving an extremely flat response 

(5A < 0.05 dB), as shown in figure 23. A number of other measures have been taken to 

avoid contaminating the lower end of the probe (i.e., closer to the field center) with 

paramagnetic impurities. These include clamping all components together rather than
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using adhesives or solders, and avoiding the use of cutting oils when machining the 

components of the electrolytic Oxygen-free high-conductivity (OFHC) Cu resonators.
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Figure 23. Comparison between the empty cavity response of the sample probe 
using Au plated and unplated SS sections of waveguide for the lower end of the 
probe. Custom Microwave Inc. (CMI) [34] professionally plated the sections, 
currently used in the probe.

The cavities. To date, most efforts have focused on the use of the enclosed cylindrical

resonators for cavity perturbation measurements. However, rectangular resonators have

also been used at very low frequencies (16-40 GHz) in the K band probe. There are

several reasons to use such simple, high symmetry resonators. To begin with, the simple

design concept, in which the cavities are assembled from relatively few easily machined

components (see figures 24 and 25), enables one to fabricate a range of cavities and,

therefore, switch frequency range/coverage with relative ease. More importantly, relative

to rectangular cavities, it is strait forward to achieve extremely high Q values (>104) for

the TEOln (n = 1 ,2 ,3 ...) modes of cylindrical resonators. The reason for this has to do

with the fact that no ac currents flow between the end and the sidewalls of a cylindrical

cavity excited in the TEOln modes. Consequently, joints at these ideal locations do not

---------Au plated [CM 1]

--------Au plated (M SU)

........... Unplated
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diminish the cavity Q factor. These modes, also posses electromagnetic field geometries 

which are highly desirable for the measurements described in this thesis.

Figure 24. Schematic diagram of the axial cavity construction.

For the most part, axial cavities of the type shown in figure 24, i.e., ones in which the 

cavity axis is coincident with the axis of the superconducting solenoid are used. This is 

by far the most versatile design, although it does have some limitations, especially when 

it is necessary to tilt the sample with respect to the applied dc magnetic field. The cavity 

is constructed with OFHC electrolytic copper in three pieces: a blank end plate, a 

coupling plate, and a cylindrical barrel. This assembly bolts onto the under side of a 

copper housing which clamps around the incidence and transmission waveguides. These 

bolts also provide the pressure for reproducibly clamping the cavity assembly tightly 

together. No adhesives or solders are used. The cavity may be disconnected from the 

waveguides, in a matter of seconds for easy sample insertion/removal. The housing,
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which clamps around the waveguides is also easily interchanged with a separate housing 

for a transverse cylindrical cavity (see below).

Coupling between the waveguides and the cavity is achieved by means of small 

circular apertures in the thin coupling plates. Since these plates terminate the waveguides 

and the cavity, there are no transverse microwave electric (EAc) fields at the locations of 

the apertures. Thus, it is the microwave magnetic (HAc) fields in the waveguides and the 

cavity, which should be matched. For the TEOln modes, the Hac fields flow radially at 

the cavity ends and, therefore, the HAc field in the waveguides should do so also. For this 

reason, the incoming waveguides are oriented with their shortest edges closest together 

(see figures 24 and 25) [39].

One can control the degree of coupling between the waveguides and the cavity (min 

and mout) by means of the dimensions of the coupling apertures (diameter and thickness). 

There is an important trade off here between: (i) strong coupling (large apertures), which 

ensures good power through put from the source to the detector and, hence, a large 

dynamic range, and (ii) weak coupling (small apertures), which limits the radiation losses 

from the cavity, resulting in a higher cavity Q values and increased sensitivity, at the 

expense of some dynamic range. It has been found empirically that the optimum 

coupling apertures should be small for this setup, with a diameter ~ XmmM-.25. It is also 

necessary for the coupling plate to be very thin (~ Xmm/20), since the signal is obviously 

attenuated as it passes through the apertures, which are way below cutoff. The relatively 

weak coupling to the cavity makes it all the more important to reduce any/all other losses 

in the sample probe and, hence, preserve a reasonable dynamic range, i.e., without taking
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steps to reduce losses in the waveguides, one would be forced to increase the coupling, 

resulting in reduced sensitivity.

The resonance frequency of a particular cavity is determined by the length and inner 

diameter of the cylindrical barrel. Because of the simplicity of machining this section, it 

is no great task to construct a large number of cavities, providing'many TEOln modes 

covering a wide range of frequencies. However, because of the wavelength dependence 

of the coupling between the waveguides and the cavity, it is necessary to construct 

several different coupling plates - roughly one for each frequency band, i.e,, V, W, D, etc. 

Because the inner diameters of the cavities generally get smaller at higher frequencies, 

the positioning of the apertures is also critical. In all cases, the input and output coupling 

apertures are located diametrically opposite each other, and at the same radial distance 

from the axis of the cavity. In order to minimize the number of these coupling plates, the 

cavity diameters have been limited to four standard sizes. For V-band (cavity diameter = 

9.52 mm), the coupling apertures are located in the optimum positions, both with respect 

to the cavity and the waveguides, i.e., in the middle of the waveguides and halfway 

between the cavity axis and its perimeter. For the higher frequency bands, a compromise 

between these positions is made.

A clear gap Of 0.020 inches is maintained between the incidence and transmission 

waveguides, which terminate flush with the under side of the cavity housing. The 

coupling plate is machined with a 0.020 inch wide and 0.030 inch high ridge running 

perpendicular to the lirie joining the .coupling apertures, and intersecting the mid point 

between them (see figure 24). This ridge locates inside a matching groove on the under 

side of the cavity housing and, therefore, in between the incidence and transmission
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waveguides. It has been found that it is this joint between the cavity and the waveguides 

which is most susceptible to microwave leaks, and that the ridge in the coupling plate 

dramatically reduces the leak amplitude. The leak may be reduced further still by 

applying a small amount of indium into the groove before assembling the cavity.

For a perfectly cylindrical cavity, the TEOln modes are degenerate with the TMl In 

modes. It is a trivial task to lift this degeneracy without diminishing the Q values of the 

TEOln modes. One achieves this by drilling a small indent in the center of the blank end 

plate where essentially no currents flow in the TEOln modes. This hole may also be used 

to hold a dielectric pillar for mounting a sample on the axis above the cavity end plate 

(see figure 26b). Consequently, the TM modes are shifted to lower frequencies by up to 

200 MHz; they are also weaker and have lower Q values than the TE modes.

Figure 25. Schematic diagram of the transverse cavity construction.

A transverse cavity optimized to work in the V-band frequency range has also been 

developed, and is shown in figure 25. Although the construction of this cavity is a little
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more complex than the axial cavities, it offers a major advantage for experiments in 

which it is necessary to tilt the sample relative to the applied dc magnetic field. The 

major difference between this cavity and the axial one is that the mm waves are coupled 

through apertures drilled directly through the sidewall of the cylindrical barrel, i.e., a 

separate coupling plate is not employed. This requires removing material from one side 

of the cylindrical barrel so that the sidewall of the cavity is sufficiently thin in the vicinity 

of the coupling apertures. This flat surface also facilitates attachment to the underside of 

a specially designed cavity housing, which again clamps to the incidence and 

transmission waveguides. The cavity end plates simply bolt onto either end of the cavity 

barrel. One of these end plates has machined slots at the bolt circle radius so that it may 

be rotated about the cavity axis. .

As with the axial cavity, a ridge/groove arrangement between the waveguides and the 

cavity is implemented in order to minimize any microwave leakage at this position. The 

locations of the coupling apertures in the sidewall of the cavity have been optimized for 

exciting the TEO12 mode, i.e., at 1Ah and 3A h  from the ends of the cavity, where h is the 

cavity height. Nevertheless, these positions provide good coupling to the TEOll mode 

and to a lesser extent, the TEO13 mode.

Using one or the other of the two cavity types, it is possible to subject a sample to 

virtually any combination of EAc and Hac field polarizations, relative to the applied DC 

magnetic field B0 orientation, e.g., at an Hac node with EacIIB0, or at an Eac node with 

Hac-LB0, etc. However, it turns out that for studies of highly anisotropic conductors, two 

convenient locations are sufficient for most experiments utilizing the TEOln modes [35, 

37]. In the “end plate” configuration, the sample is placed on the blank cavity end plate,
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exactly half way between the cavity axis and its perimeter, as shown in figure 26a. In the 

“dielectric pillar” configuration, the sample is mounted atop a thin dielectric pillar 

(usually quartz or sapphire, diameter = 0.71 mm) on the axis of the cavity, as shown in 

figure 26b. In both of these configurations, the sample sits in an H-field antinode for the 

TEOl I mode, the polarization of which is radial for the endplate configuration and axial 

for the dielectric pillar configuration.

Figure 26. a. The endplate configuration: the sample experiences a transverse 
Hac- b. The pillar configuration: the sample experiences an axial HAc-

For the end plate configuration, all TEOln modes have radial H-field antinodes at the 

sample location. This is not the case for the dielectric pillar configuration. For example, 

if the sample is mounted precisely midway between the cavity endplates, the even n 

modes have both E- and H-field nodes at this location. Careful forethought as to the 

positioning of the sample can rectify this problem to a certain extent. However, 

whenever positioning the sample away from the midpoint of the cavity, sensitivity is 

compromised. Indeed, even the end plate position is appreciably less sensitive than the 

cavity midpoint [37].

To understand how it is that the end plate and dielectric pillar locations within a 

TEOln cavity can be sufficient for studying anisotropic systems, consider the
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electrodynamics of a quasi-two-dimensional (Q2D) conductor. Using a quasi-static 

approximation, consider the Faraday field, Ep, resulting from the time varying magnetic 

field, Hac, i.e., an oscillatory Ef field which curls around the polarization of the HAc 

field. In an isotropic conductor, this Faraday field would induce circulating currents in a 

plane perpendicular to the HAc field. Indeed, this is approximately what happens if the 

Hac field is polarized perpendicular to the highly conducting planes of a Q2D conductor, 

as illustrated in figure 27a. However, because of the high in-plane conductivity, these 

induced currents are damped within the interior of the sample, i.e., currents only circulate 

within the skin layer at the edge of the sample. Consequently, the in-plane complex 

surface impedance, Zs = Rs + iXs, governs the electrodynamic response of the sample in 

this situation, where Rs and Xs are the surface resistance and reactance, respectively [36, 

37, 38]. If, instead, the Hac field is polarized parallel to the highly conducting layers, Ef 

will induce both in-plane and interlayer currents. As before, the in-plane currents will 

only flow at the edges of the sample, whereas the interlayer current flow throughout the 

bulk of the sample, due to the poor conductivity in this direction. Consequently, the 

complex interlayer conductivity dominates the electrodynamic response of the sample 

under these conditions, as depicted in 27b [36, 37, 38].

Figure 27. For Q2D samples with the low conductivity axis aligned with the axis 
of the cavity (indicated with an arrow), a. an axial Hac will drive currents within 
the highly conducting planes, b. while a transverse Hac will drive current both in 
the planes as well as along the least conductive direction.

a. t n
I

b.
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Of major interest for studies of low-dimensional conductors is the possibility of 

rotating the applied DC magnetic field B0 with respect to the sample. Since the cavities 

are rigidly connected to the sample probe, the orientation of B0 cannot be adjusted 

relative to the cavity, i.e., B0 is fixed parallel to the cavity axis for the axial cavity and 

perpendicular to the axis for the transverse cavity. Thus, the axial cavity essentially 

limits the investigation to only two orientations of B0 relative to the sample, namely 

parallel'or perpendicular to the Q2D layers, which we denote B„ or Bj., respectively. One 

could tilt the sample away from either of these geometries within the cavity. However, 

this would result in a misalignment of the HAc field polarization relative to the sample. 

This is the main reason for developing the transverse cavity. Because of the cylindrical 

symmetry of the TEOln modes, one can rotate the sample about the cavity axis by means 

of rotating the cavity end plate to which it is attached, without effecting the polarization 

of Hac relative to the sample. This works for both the end plate and dielectric pillar 

configurations as illustrated in figure 26.

Being constructed from a block of high conductivity copper, the cavity makes an 

excellent heat reservoir for controlling the temperature of the sample, which is kept in 

good thermal contact with the cavity at all times, either by directly attaching it to the 

cavity end plate, or by mounting it on a dielectric (quartz or sapphire) pillar. Silicone 

grease is used to hold the sample in place. A coil of high resistance wire is used as a 

heater. This coil is wound around a pillar which screws into the cavity housing and is, 

therefore, easily interchangeable between various cavity geometries. Low-pressure 

helium gas is admitted into the 0.750 inch vacuum jacket for exchanging heat between 

the sample probe and the surrounding pumped liquid helium cryostat. Thus, the cavity
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and the sample can accurately and controllably be maintained in any temperature range 

from 1.35 K up to 50 K. The temperature is stabilized according to a calibrated Cernox 

resistance thermometer embedded in the walls of the copper cavity. Cernox thermometers 

have negligible maghetoresistance above 4.2 K, and one can correct for a weak 

magnetoresistance below 4.2 K. Laboratory magnetic fields are generated using a 

standard commercial superconducting solenoid and power supply. The magnet routinely 

operates to 8 T, and will go to 9 T at pumped liquid helium temperatures. At the 

NHMFL, the strongest magnetic fields are .produced in axial Bitter-type, water cooled 

resistive magnets, powered by 20 MW supplies. The highest field used in these studies 

was 33 T. Details of the NHMFL magnets are published elsewhere [40].

Tests

Figure 28 shows a frequency sweep across the TEOll mode of an axial cavity (cavity 

A, height= 6.7 mm, diameter= 9.52 mm, see table 3). The cavity is loaded with a sample 

of K-(ET)2Cu(NCS)2 (approximate dimensions: 0.5 x 0.5 x 0.2 mm3, see chapters three 

and four) in the endplate configuration, and the temperature is 4.2 K. In the upper panel, 

linear amplitude versus phase is' plotted. The data points form a perfect circle passing 

through the origin, indicating a negligible leak vector. The frequency interval between 

each point is approximately 250 kHz and the solid line is a fit to the data. In the lower 

panel, both the phase and linear amplitude (normalized) are plotted versus frequency. 

This resonance is perfectly symmetric due to the fact that the leak amplitude is 34.5 dB 

below the amplitude on resonance. The loaded Q value of the cavity is 19,000 and, thus, 

the resonance width (2.34 MHz) is considerably less than the standing wave period,,
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which is on the order of 100 MHz. The absolute value of the phase returned by the VR is 

arbitrary, which is why the phase on resonance is 64° rather than 0°. In any subsequent 

experiment, we would null the phase on resonance, and interpret changes in the complex 

parameters of the signal returned to the VR according to the procedure described earlier. 

It should be noted that these data are about as good as one could expect were the cavity 

mounted on the bench top and the HG and HM connected directly to the cavity, i.e., the 

influence of the intervening waveguides has been completely eliminated.

Phase
90

0 ft

£  44.440 44.445 44.450 44.455
Frequency (GHz)

Figure 28. A real TEOl I resonance for a loaded axial cavity. The upper panel 
shows the resonance circle in the complex plane. The squares are raw data and 
the line is a fit. The lower panel shows the linear amplitude and phase variation as 
a function of frequency.

Next, consider the influence of the nearby TMl 11 mode on the measurements made 

on the TEOl I resonance frequency. Figure 29 shows two such resonances obtained at 

liquid helium temperature (cavity A): the main part of the figure plots linear amplitude 

versus frequency, and the inset shows the circles in the complex plane obtained for each
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of the resonances. The TMl 11 mode has been shifted 230 MHz below the TEOl I mode, 

which corresponds to almost 100 times the width of the TEOl I mode [T(TE011) = 2.42 

MHz] and about 40 times the width of the TMl 11 mode [T(TM)I I) = 5.73 MHz]. The 

resonance amplitude of the T M lll mode is about 60% of the TEOll resonance 

amplitude. However, more importantly, the power of the T M lll signal (obtained by 

extrapolation of a Lorentzian fit) is 44.5 dB below the power of the TEOl I signal when 

the TEOl I mode is at resonance. Thus, for all intents and purposes, one can rule out any 

interference between these two modes. Even if there were a slight mixing, both modes 

have Hac fields perpendicular to the applied DC field B0 for the endplate configuration, 

and the TMl 11 mode has an Hac field node at the center of the cavity where the sample 

is usually placed in the dielectric pillar configuration. This has been verified 

experimentally using electron paramagnetic resonance standards.

TEOl

T M l l l

3C/7330

Frequency (GHz)

Figure 29. The cavity construction lifts the degeneracy of the TEOln and TMl In 
modes. The main portion of the figure shows the two resonances separated by 
230 MHz. The inset shows the corresponding circles in the complex plane.
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Q values as high as 25,000 have been obtained at liquid helium temperatures for the 

loaded axial cavities excited in the TEOl I modes. In general, higher n (higher f0) TEOln 

modes have reduced Q values. In addition, the shorter wavelengths associated with the 

higher frequencies slightly increase the leak amplitude relative to the signal transmitted 

through the cavity. These facts, together with the diminished dynamic range of the 

spectrometer (see table 2) at higher frequencies, make it harder to observe TEOln (n>l) 

resonances of comparable quality to the TEOl I modes. Nevertheless, the data in figure 

28 far exceed the criteria discussed previously for making successful cavity perturbation 

measurements. Consequently, one is able to make reliable measurements at frequencies 

up to 200 GHz.

Figure 30. Various cavity resonances plotted as circles in the complex plane, 
obtained in: a. V -  band, b. W -  band, and c. D -  band. The points are raw data, 
while the solid lines are fits.
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Table 3. Resonance Parameters for different modes obtained in various cavities. The 
first column lists the frequency band and the MVNA harmonic. The second column lists 
the cavity (letter) and the endplate used (number), as well as the mode (if known); 
cavities A, B, and C have dimensions (Iengthxdiameter) 0.260 in. x 0.375 in., 0.344 in.x
0.354 in., and 0.218 in. x 0.222 in., respectively, cavity T is the transverse cavity (0.400 
in. x 0.305 in.), and endplates I, 2, and 3 have coupling hole diameters of 0.052, 0.033, 
and 0.024 in., respectively. The next three columns list the resonance frequencies (f0), Q 
values, and dynamic ranges (signal-to-noise) for each mode. The final column lists the 
contrast in dB between the transmitted amplitude on resonance [A(f0)] and the leak 
amplitude (A,). The dynamic range is somewhat lower at 45 GHz than in the main part 
of the V and W bands due to the fact that the V band waveguide is so close to cutoff at 
these low frequencies.______________________ _______ .__________ ________

Band/Harmonic Cavity/mode fo(GHz) Q SZN (dB) A(f0) -  Al (dB)
V -  3 A l-T E O ll 44.450 19000 76 . 34.5
V -  3 A l - T M ll l 44.219 7700 74.6 19.0
V -  3 B l-T E O ll 44.414 24900 81.4 26.0
V -  3 B l - T M ll l 44.265 7400 80.3 . 13.8
V -  4 Al -  TEO12 58.754 13900 85.4 27.0
V -  4 Al -  TE212 53.951 10400 87.8 40.4
V -  4 Al -  TE312 61.247 10000 90.4 24.5
V - 4 Al -TE412 68.906 4800 92.4 .20.8
W - 5 A2-TE213 73.924 8800 84.5 25.0
W - 5 A2 -  TEO13 78.044 7900 89.0 23.0
W - 5 A l 88.678 23000 90.0 22.0
W - 6 A2 -  TEO14 : 98.715 5300 83.0 16.5
W - 6 A2 ■ 103.532 . 4350 84.5 27.0
D - 8 C3 -  TEO14 127.233 , 13600 45.8 16.5
D -  9 C3 145.227 7900 48.5 17.5

D -1 0 C3 155.815 5800 41.2 21.0
D -1 2 C3 187.868 5150 31.0 4.0
V - 4 T -  TEO12 56.110 15500 81.9 18.0
V - 4 T - TEO13 65.078 14000 74.6 13.0

Above about 130 GHz, there is less confidence in the mode assignment of the 

resonances. However, by following the frequency dependence of data containing distinct 

features, which depend strongly on the polarization of the AC fields within the cavity, 

one is able to characterize and use the axial cavities up to 230 GHz. Figure 30 shows 

several higher n TEOln axial cavity modes, together with selective higher frequency
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resonances. Table 3 lists the frequencies, Q values, dynamic ranges and amplitude on 

resonance minus the leak amplitude associated with these modes, as well as some 

parameters for the transverse cavity (all at 4.2 K) [20]. These figures clearly demonstrate 

the potential of the system for cavity perturbation measurements. It should also be noted 

from figure 30 and table 3, that many of the resonances were obtained using a single 

resonator (cavity A), which was one of the main objectives of this system from the outset.

Finally, figure 31 illustrates the importance of using active temperature stabilization. 

The upper panel shows magnetic resonance data taken at the base temperature of the 

cryostat (1.4 K), while the upper panel shows the same data obtained using active 

temperature stabilization at 1.8 K. A clear drift in the unlocked temperature data is 

observed throughout the course of the up and down sweeps of the magnetic field.

■ Down

CO 75.3

Base temperature

No control
^  75.5

T = I .8 K, controlled
- Up/down'

Magnetic field (tesla)

Figure 31. Comparison between field sweeps with the temperature unlocked 
(upper) and actively controlled (lower); the broad dip is due to impurities in 
waveguide, prior to Au plating.
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By eliminating the influence of all components of the sample probe (aside from the 

cavity) on the signal returned to the VR, it is possible to record changes in the complex 

cavity parameters in real time, i.e., the vector (either amplitude and phase, or amplitude 

and frequency) recorded at the VR is directly related to the impedance of the cavity Zc. 

Here, once again, the power of the MVNA is apparent. Using a scalar detection scheme, 

it would be necessary to modulate the frequency in order to extract the complex cavity 

response. This would inevitably result in a much longer time for recording each data 

point. The MVNA essentially returns phase and amplitude information at the detection 

frequency of the VR, which is approximately I OkHz. This aspect of the instrument 

described here makes it highly suitable for measurements in high magnetic fields, which 

can be expensive to run over long, periods.

A distinct advantage of conducting fixed frequency optical measurements, as a 

function of magnetic field, is that the spectral features which are under investigation may 

be expected to change with field, i.e., the magnetic field is the variable that is used to 

tune the electronic excitation spectrum of the material under investigation. If, for 

example, this induces a change from an insulating state, to a conducting state, then the 

optical response at frequencies comparable to the gap will reflect this change. These 

types of behavior will be thoroughly investigated in chapter three using the techniques 

described above.
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Torque magnetization measurements 

The cantilever beam torque magnetometer

The mm-wave experimental apparatus discussed in the previous portion of this chapter 

was developed explicitly for the work described in this thesis. Consequently; its features 

were outlined in great detail [20]. In contrast, the magnetic torque apparatus used for the 

experiments discussed in chapter four were developed elsewhere, and will, therefore be 

described in much less detail. The interested reader should refer to two references, [41] 

and [42], for more explicit details.

The method of cantilever beam torque magnetometry (CBTM) allows for 

determination of a sample’s magnetic moment, through the relation of magnetization, 

applied field and the related torque (T = M x  B). Micro-machining of single silicon 

crystals into cantilever beams allows for sensitivity on par with that obtained from force 

magnetometry and is, in fact, far superior to magnetometers based on the 

superconducting quantum interference device (SQUID), which do not work at all in high 

fields [42]. Another feature of the CBTM attractive to those that work in high magnetic 

fields is the compact size of such devices. As most experiments require 4He temperatures 

or below, the available space for components within the cryostat is usually quite 

restrictive. At the lowest temperatures, few magnetometers can be employed, leaving 

CBTM as the only viable option for measuring the magnetic moment of the entire 

sample, within the confines of 3HeZ4He dilution refrigerator cryostat [42].

A schematic of the CBTM is shown in figure 32. Here it is seen that the sample sits 

on the large face of the magnetometer, which forms one plate of a parallel plate capacitor,
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while the other face lies stationary. As the magnetic moment of the sample experiences a 

torque in the applied magnetic field, it will deflect the cantilever beam, thereby changing 

the capacitance of the device. In this geometry, the voltage across the capacitor is 

directly proportional to the distance between the plates. Thus, the change in electrostatic 

potential can then be measured using an AC capacitance bridge in conjunction with a 

lock-in amplifier. By using the capacitance bridge to null the voltage at zero field, one 

•can measure the change of potential as a function of applied field. Assuming the 

cantilever beam obeys Hook’s law for small displacements, the torque experienced by the 

beam can be written as T = K(p, where cp is the angular deflection of the beam, and K is the 

“spring constant” for the cantilever. In the case of machined silicon single crystals,

k = ̂ T T ’ where E is the elasticity modulus, I, w, and t are the length, width, and

thickness of the cantilever, respectively [42]. Thus for small deflections, the torque is 

directly related to the displacement, which can be measured as a change in voltage across 

the parallel plates with the lock-in amplifier. Note that the actual amplitude of the 

deflection, cp, is so small that it has no effect on the calibration of the device. Of course, 

the measured torque can then be related back to the magnetization using the torque 

experienced by a magnetic moment in an applied field: T = M x B .  Hence, by measuring 

the change in potential across the parallel plate capacitor as a function of applied field, 

one can directly measure the magnetization of a given sample.
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Figure 32. Schematic diagram of the CBTM. The torque experienced by the 
magnetic moment of the sample causes the capacitance of the device to change as 
a function of field. This change in capacitance can be measured, and related back 
to the magnetization of the sample.

For the layered superconductor studied throughout this thesis, the magnetic moment of 

the sample is almost always directed perpendicular to the highly conducting planes. It is 

only when the direction of the applied field falls within the conducting planes, that the 

magnetization deviates from its usual direction [19]. Therefore, to convert the measured 

torque into a magnetization, one must divide the torque by the magnitude of the applied 

field and the sine of the angle between the magnetization and the field: M = x/Bsin0. 

Consequently, the angle 0 will be defined as the angle between the applied field and the 

direction normal to the highly conducting planes of the crystal. Hence, at 0 = 0°, the field 

and the direction normal to the layers are aligned, i.e., the field is normal to the 

conducting layers, and at 0 = 90° the field lies parallel to the highly conducting planes. 

As the entire CBTM was mounted on a single axis rotator, any angle between O0 and 90°

could be obtained.



71

Temperature Control

As mentioned above, the compact size of the CBTM was a key necessity when 

attempting experiments at low temperatures. Temperature control for the measurements 

described in chapter four was obtained using an Oxford Instruments top loading 3HeZ4He 

dilution refrigerator in the bore of a 20 T superconducting magnet. The base temperature 

for this instrument was 25 mK, with the possibility of raising the temperature to a 

maximum of around 300 mK. The temperature was monitored with a ruthenium oxide 

resistor, and adjusted by changing the cooling power of the system.

Due to the high sensitivity to small changes in temperature of the dilution refrigerator, 

one must ensure slow field sweeps, and plenty of equilibration time after changing the 

ambient temperature of the experiment. One must also be aware of thermal drift during a 

field sweep. Hence, these measurements are often time consuming and rather difficult. 

However, as this temperature range is otherwise impossible to reach, patience must be 

used when attempting to study materials in dilution refrigerators. The interested reader 

should refer to reference [43] for further details on the workings of dilution refrigerators 

and cryogens in general.

Conclusion

It is clear that the two techniques described above will be applicable in very different 

regimes of magnetic field and temperature. To this end, the cavity perturbation 

measurements have been preformed in fields of 0 - 8 T at MSU, and 0 - 33 T at the 

NHMFL. The limiting variable in these measurements is the temperature, which has only 

been varied from 1.5 -  15 K. The acquisition of a 3He cryogenic system will soon allow



72

for an extended temperature range of ~ 300 mK -  300 K. However, this will still not 

reach the lowest temperatures obtained in dilution refrigerators. Thus, the coldest 

measurements must be of a DC nature. Fortunately, CBTM measurements have proven 

to be extremely sensitive, bridging the gap between zero temperature and 300 mK, in 

fields of 0 -  33 T. Consequently, one can study materials from nearly 0 K up to room 

temperature, and in DC magnetic fields anywhere from 0 -  45 T.
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JOSEPHSON PLASMA RESONANCE IN K-(ET)2Cu(NCS)2

The majority of the results presented in this chapter can be found in the article 

J o se p h so n  p la s m a  re so n a n c e  in K-(ET)2C u (N C S )2, M. M. Mola, J. T. King, C. P. 

McRaven, S. Hill, J. S. Qualls, and J. S. Brooks, Physical Review B 62, 5965 (2000) 

[24].

Theory

In 1962 B. D. Josephson proposed that a superconductor-insulator-superconductor 

(SIS) tunnel junction should show a zero-voltage supercurrent due to the tunneling of 

Cooper pairs through the junction. He also maintained that if a constant potential 

difference V were held across the junction, the subsequent current would be alternating 

with a frequency f = 2eV/&. Initially, these predictions were met with considerable 

skepticism, however, they have since been verified experimentally many times over [12]. 

Whereas these “classic” Josephson effects corresponded to the tunneling of Cooper pairs 

through a SIS tunnel junction, layered superconducting crystals of the type described in 

the introduction can be thought of as Josephson coupled stacks of 2D superconducting 

sheets. This is due to the accepted belief that the mechanism of conduction along the 

least conductive axis, perpendicular to the superconducting stacks, is by the tunneling of 

pairs from one superconducting layer to the next, across an insulating gap [44]. In this 

chapter, it will be shown that the amplitude of this tunneling depends explicitly on the 

vortex structure within the mixed state. Hence, the maximum current driven along the 

axis perpendicular to the conducting layers of the crystal allows insight into the
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arrangement of the vortices, as well as for the determination of possible thermodynamic 

phase transitions within the vortex state [24].
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Figure 33. Current-voltage characteristic for an SIS tunnel junction. J0 is the 
maximum dissipationless or critical current density across the junction, and 2A is 
the magnitude of the superconducting gap.

A phenomenological approach to the theory of vortex structure and dynamics will be 

developed in this and the next chapter, as this allows for the most physical insight into the 

presented problem. For further discussions of the phenomenological models used here, 

and the underlying microphysics, see [12, 15, 17]. The discussion of the theory of the 

Josephson plasma resonance will begin with a brief introduction to the more general 

theory of the classic Josephson effects.

Classic Josephson effects

First consider the case of a SIS junction made of two superconducting parallel plates

separated by a thin gap, of thickness d, with no applied fields. The supercurrent density 

across this junction will depend only on the values of the order parameter immediately on
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either side of the junction. From equation (1.24) the superconducting current density can 

be written as [17]

J = — M2V<|>— IvI2A1 . (3.1)
m m 1

where the order parameter is assumed to be of the form vg(r) = |x|/| expfk^r)]. From

equation (3.1), it is apparent that gradients in the phase of the order parameter can cause 

currents to flow through the crystal. Assuming that the current density, as well as the 

magnitude of the order parameter, remains constant through the gap, and letting the SIS 

junction lie in the y-z plane (see figure 34), equation (3.1) can be written as [12]

Jx=Jo<P,. (3.2)

where J0 is the maximum current density across the junction in zero field, of the order

e/z|\p|2/(m*d) . The current density is then simply a function of the junction width, d, and

<P = (<l>2-< l> i)-y  f Axdx, (3.3)

where cp is defined as the “gauge invariant phase difference” between points I and 2 on 

opposite sides of the junction. As cp is a phase difference, to ensure that the order 

parameter is a single valued function, only differences between the two sides of the 

junction, modulo 2k will be considered. Thus, assuming Ax = 0, (3.2) can be written as

Jx = J 0Sincp. (3.4)
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current follows Ohm’s law,, it will simply be given by J n = GnE , where IEI ~ V/d, and Cn 

is the normal state tunneling conductivity. Allowing for time varying fields, there should 

also be a contribution to the total current across the junction from the displacement 

current, which gives

J tot = J 0<P + a nE + e0 ®  , (3.6)

where it is assumed that cp is small such that sincp = (p. Using Ohm’s law, one can express 

the total current density as a function of the complex conductivity and the applied electric 

field, J tot = gE  which then gives

- V _ _ V e, av 
a 7 - I°<p+°" "I+T d T

(3.7)

where E = V/d has been substituted into equation (3.6). Allowing V to vary 

harmonically, V = V0exp(itot), and taking a time derivative of (3.7), one obtains

6 =  g „ +ie„co '-S (3.8)

2 2edJ TtdJ0 , _ h . ,
where CO = ----— = —— , and O = — is the flux quantum. This expression is

. eo0 ,  2e

identical to the complex conductivity for an electromagnetic wave in a plasma [45]. In 

this case, COp is the Josephson plasma frequency, since it involves the tunneling of Cooper 

pairs across the gap. Equation (3:8) can be rewritten in terms of a complex dielectric

function using the relation e(co) = e0 + — , which gives the standard result

(3.9)
x CO I
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Figure 34. Classic Josephson tunnel junction. Both sides of the junction are held 
at the same electrostatic potential, so only a supercurrent flows across the 
junction, which depends on the phase difference of the order parameter between 
the plates.

Now, if the two sides of the tunnel junction are held at different electrostatic 

potentials, the transfer of a Cooper pair across the junction will involve a change of 

energy of 2eV, where V is the potential difference between plates I and 2. Since the 

order parameter is simply the quantum mechanical wavefunction of a Cooper pair, the 

time dependent order parameter on either side of the junction may be written as

/ - , B  * X

Vi - |v [ exP ~T~: and Vz ~ |v|exP .2 , where Ei -E 2 = 2eV. Consequently, the
v & / \  n  J

gauge invariant phase difference across the junction, in the absence of an applied field is 

(2eV )t
<P = — T j-  • From this result, one obtains the desired relation 

Ti

dtp _ 2eV 
dt h (3.5)

where it is clear that the relative phases of the states on either side of the junction will 

oscillate at the beat frequency ^eVz/  [\2].

Since the two sides of the junction are no longer at the same potential, one should also 

expect a normal current density to tunnel across the junction. Assuming the normal
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From this form of the complex permittivity, it is clear that any dissipation associated with 

a current across the junction will be due purely to the normal carriers in the system, and 

as expected, the supercurrent across the gap is dissipationless.

Figure 35. Josephson tunnel junction with a potential difference held across the 
parallel plates. This configuration leads to an alternating current density across 
the plates, with a natural plasma frequency, COp = TtdJ0/(e0<I>0).

Layered superconductors.

Now imagine shrinking the dimensions of the case above and then stacking a large 

series of these plates to create a layered superconductor. This is essentially the same

physical structure of both the high temperature superconductors (HTS) as well as the 

organic superconductors studied in this thesis. These materials are intrinsically Josephson 

coupled, where the primary method of transport from one layer to the next is by tunneling 

of Cooper pairs [44],

y
A

>  X
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Figure 36. Schematic structure of a layered superconductor: superconducting 
sheets are separated by thin gaps. For K-(ET)2Cu(NCS)2, the a-axis of the crystal 
runs perpendicular to the conducting planes.

Just as in the simple case above, one can write the current density from one layer to 

the next as:

J n,n+>(r ) = J o Si 4<Pn,„+l ( r ) L  (3.10)

tp„,„+i(r) = ( k +1 p ' Az(r)dz, (3.11)

2 0  o
where J0 = —----is the maximum or critical current density across the layers in zero

field, n is the layer index, d is the interlayer spacing, and r is the xy position vector 

within each plane [46]. Assuming zero temperature, and each layer to be a perfect 

homogeneous section of crystal without defects or applied fields, (3.11) will reduce to 

Vn.n+i (r ) = k + i  - ^ n ’ simply the difference in phase between layers n and n + I at

position r. By applying a magnetic field (Bapp > Ii0Hcl) along the low conductivity axis 

of the crystal, a mixed state is created, in which magnetic fields penetrate the 

superconductor as quantized flux tubes. As mentioned in the introduction, these flux 

tubes become quasi-two-dimensional (Q2D) pancake vortices within layered materials 

[19]. With no defects and at zero temperature, the weak attraction between vortices in
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adjacent layers, due to the electromagnetic tension in the flux lines, acts to line up 

pancakes attached to the same flux quantum. Hence, the idea of three-dimensional (3D) 

flux tubes is still applicable under these conditions. However, it will soon be shown that 

by lifting the above restrictions, the situation can become much more complex, resulting 

in a rich variety of physical phenomena.

Figure 37. In a perfect crystal, pancakes line up to form 3D flux tubes in a 
trigonal lattice.

Due to this introduction of vortices in the mixed state, the second term in equation 

(3.11) is non-zero, where V x A  = B. In addition, each vortex causes a change in the 

phase of the order parameter of exactly 2jt, upon traversing around any particular flux 

line. This must be so, if the order parameter is to remain single valued. An example is 

shown in figure 38 where lines of constant phase are plotted for an isolated vortex, with 

the direction of positive circulation indicated by the arrow. This “phase slip” can also be 

explained in terms of topological holes within the manifold created by the 

superconducting order, thus allowing for a Berry’s phase analysis of the mixed state. 

However, such an analysis is far beyond the scope of this thesis, and will not be discussed
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further, see [47, 48]. Note that if the vortices in adjacent layers exactly overlap both 

terms in (3.11) are zero, due to the lack of a z component to the vector potential. 

Therefore, if the vortices form perfect 3D flux tubes, there is no contribution to the gauge 

invariant phase change from the vector potential.

Isolated
vortex

/  71/4

V • A
0 Lines of 
— equal 

phase

Figure 38. Lines of constant phase around an isolated vortex. The normal core of 
the vortex results in a singularity.

Thus, the introduction of an isolated vortex causes a spatial variation in the phase of 

the order parameter (see figure 38). This change of phase results in supercurrents 

flowing about the normal core of the vortex [equation (3.1)], effectively screening the 

remainder of the superconducting material from the magnetic field within the normal 

material in the vortex core. Whereas the diameter of the core of each vortex is on the 

order of the coherence length, ^0, the extent to which the flux quantum, and hence, the 

screening supercurrents flow, is on the order of the penetration depth, XL. Therefore, in a 

moderate magnetic field, Hci< H < Hc2, the supercurrents of different vortices overlap, 

creating strong intra-plane vortex-vortex interactions [17]. This interaction is repulsive
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and of the form F1- < K .2 o
V^-V

, where F is the free energy due to the interaction

between two vortices, r,2 is the distance between vortices I and 2, and K 0(X) is the zero- 

order Hankel function, which can be approximated as Fi2 ~ ln(r,2/X) [12]. Due to this 

repulsive interaction between vortices within a given plane, the pancakes tend to form 

trigonal lattices within each sheet, as seen in figure 39. Notice that, as the cores do not 

overlap, extended superconducting regions percolate across the entire sample. It is only 

when the normal cores overlap that one recovers a finite DC resistance, giving the critical

Ofield as approximately Hc2 = —

X(T)

©

©
©
©
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Figure 39. The mixed state for a clean type-IJ superconductor in an applied 
magnetic field of: B ~ [I0Hc,, P0Hd < B < P0Hc2, and B -  P0Hc2.

When the repulsive interaction energy between vortices in the same layer exceeds the 

attractive interaction energy of vortices in adjacent sheets, the superconductor essentially 

becomes two dimensional, with stacks of 2D sheets of ordered pancake arrays, having 

little correlation with the positions of vortices in adjacent layers [19]. As seen above, this 

occurs when the applied magnetic field is large enough to cause the supercurrent vortices 

to overlap. This gives rise to a crossover field, Bcr, where the 3D nature of the
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superconductor is lost, and the system behaves like stacks of independent 2D vortex 

lattices. For the material under investigation in this chapter, K-(ET)2Cu(NCS)^, this 

crossover field has been determined by muon spin rotation experiments [49], and found 

to occur at around 7 mT over most of the range of the mixed state (see figure 50).

Relaxing the restriction of a perfect crystal, one finds that defects act as traps, which 

collect vortices. This is due to the reduced superconducting order at the location of the 

defect. Since the core of each vortex has zero superconducting order, the system can 

minimize its total energy by having the local normal states of the defect and the vortex 

core overlap. Therefore, this attraction between the defects and the vortex cores tends to 

cause the vortices to sit at the locations of the defects within the crystal. As seen above, 

moderate fields cause vortices to overlap, thereby creating strong interactions between 

vortices within the same layer, thereby causing them to align in triangular arrays. 

However, the addition of just one defect in each layer will anchor each 2D pancake array 

to that defect. Hence, a situation is created where the 2D vortex arrays no longer line up 

to form 3D tubes, but a series of uncorrelated 2D sheets (see figure 40) [19]. Of course, 

even in the best crystals available today, one should expect many more than one defect 

per layer, creating domains or bundles of highly correlated vortices within each sheet. As 

a side note, the materials studied here form extremely clean crystals with very few 

metallurgical defects, hence, one is as close as presently possible to studying perfect 

crystals [2], However, even these ultra-clean crystals clearly show macroscopic 

properties due to the presence of defects. ,
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Figure 40. Q2D flux lattices. Above Bcr, the vortices create 2D triangular arrays 
in each layer, which are nearly independent of the position of the vortices in the 
adjacent layer.

The final restriction to be dropped is that of zero temperature. Finite temperature 

essentially causes the vortices to oscillate about their mean position as they would for any 

solid. In most cases, thermal fluctuations of the position of the vortices act to reduce the 

dimensionality of the vortex lattice from 3D to 2D, since the fluctuations are random, 

thereby reducing the correlation between pancakes in adjacent layers. In fact, if the mean 

displacement of an isolated vortex becomes on the order of the inter-vortex distance, one 

claims that the vortex lattice (either 3D or 2D) has melted, i.e., the Lindemann criterion 

has been satisfied [50]. This is usually denoted as <un(r)2> ~a2cL2, where a is the inter

vortex separation within a given layer n, cL is the Lindemann number, which is usually 

between 0.1 -  0.3, and un(r) is the displacement vector of a vortex in the nth layer with 

position r. Notice that the melting of the vortex lattice will depend both on the 

temperature as well as the applied field, since a larger applied field will reduce the inter-
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vortex distance, thereby reducing the temperature required to produce the thermal 

fluctuations which melt the flux lattice. Hence, one usually denotes the temperature 

dependent melting field, Bm = Bm(T).

Normal core

Circulating 
supercurrents ■

Figure 41. Finite temperatures create thermal fluctuations in the position of the 
vortices. These “flux phonons” may result in a vortex hopping out of the 
potential well created by a defect, as well as actually melting the flux lattice, if the 
mean displacements un(r) become large.

Here it is seen that these four different interactions - in-plane vortex-vortex repulsion, 

inter-plane vortex-vortex attraction, thermal fluctuations due to finite temperature, and 

crystalline defects which pin vortices - allow for a wide variety of phenomena throughout 

the mixed state. This creates a complex phase diagram, including several, different 

thermodynamic phases and dimensional crossovers. Using both optical [24] and DC 

magnetization [51] techniques, this phases diagram will be determined in this chapter and 

the next, respectively. Note that an exhaustive derivation of the above interactions is 

available for the interested reader in reference [19].

Josephson plasma resonance.

It was shown above, that if a potential difference was maintained across the 

superconducting plates, shown in figure 35, Cooper pairs would slosh back and forth
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across the tunnel junction at a frequency 2eV/A. To describe the system when an 

alternating potential was held across the junction, the dielectric function was derived in 

equation (3.9). As resonant absorption occurs whenever the real part of the dielectric 

function equals zero, a resonance is expected whenever to = COp. Here the 

electrodynamics of the above analysis will be extended to the layered materials of interest 

with an applied magnetic field directed perpendicular to the superconducting planes. 

This will require keeping track of both the AC electromagnetic fields, as well as the DC 

magnetic field and associated supercurrents.

To ease the analysis, one begins by choosing a coordinate system such that the low 

conductivity axis of the crystal is defined along the z-axis; electromagnetic radiation will 

propagate along the x-axis, which will be polarized such that the alternating electric field, 

Ez, will also be along the z-axis, and the oscillating magnetic field, Hy will lie along the 

y-axis, parallel to the planes of the crystal. The applied DC magnetic field will also lie 

along the z-axis for all of the experiments described here.

E ac z
A

y

Figure 42. Radiation incident on a layered superconductor. The radiation is 
polarized such that the AC E-field is along the z-axis, the AC H-field is along the 
y-axis, and the radiation propagates along the x-axis.
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With this convention, and equations (3.10) and (3.11), Maxwell’s equations for a 

layered superconductor read [46]

SEz _ 3B,

dB, dEz

dt ’

J0 E f n,n+l (Z)sin (pn,n+l (f, t) + GzE z

(3.12)

(3.13)

The first term on the right of (3.13) is simply the displacement current within the crystal, 

the second term is the Josephson interlayer current density, where fn,n+i(z) = I if ns < z < 

(n + l)s and zero otherwise, while the coordinates of the layers are z = ns and r  = x, y, 

and the last term is the quasiparticle current density, where Gz is the normal state 

resistivity along the z axis.

hi analogy to the parallel plate capacitor above, one can write

d(Pn,n+l 2ed Ez(r,z,t), (3.14)

where Ez(r, z, t) is the average electric field between layers n and n+1 at position r. One 

need only consider the linear response of the superconductor to the oscillating electric 

field Ez(t), and write cpn,n+i(r, t) as the sum of a time independent part cp(0)n,n+i(r), which is 

due to the supercurrent induced by the DC field B and a small AC part, cp(1)n,n+i(r, t) 

which obeys equation (3.14) [46]. This separation of the AC and DC pieces of the phase 

difference allows one to use the AC portion as a perturbation, with which to determine the 

DC structure. Hence, in equation (3.13), one can insert cp(1)n,n+i(r, t). Assuming a form 

of Ez = Eoexp(i(0t), equation (3.14) gives
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- + CoXet (r,z, Co) Ez(r,z,co) = 0, (3.15)

where the coordinate dependent dielectric function is

£t(r,z,(o) = £ WcoscpgL (r) + - (3.16)

and is simply the zero field plasma frequency found above, with the

dielectric constant for free space replaced with that for K-(ET)2Cu(NCS)2. Equations 

(3.15) -  (3.16) describe the propagation of an electromagnetic wave with frequency CO in 

a medium with a coordinate dependent dielectric function, which is determined by the 

phase difference between layers in the presence of an applied DC magnetic field. Below 

Hd, (p(0)n,n+i(r) = 0, of course, while in the mixed state, cp(0)n>n+i(r) becomes non-zero, and 

the dielectric function depends explicitly on the vortex structure.

The DC portion of the phase difference has been determined in references [46] and 

[52], and is derived from Helmholtz’s equation:

v>KL, X f «2 Isin rfLti+sin (plXn"2+fI X
Sintpl0L = 0, (3.17)

where A,j = ys is the Josephson length, y= X1ZXn is the anisotropy parameter and Xl and X,, 

are the London penetration depths for AC currents induced perpendicular and parallel to 

the superconducting planes, respectively. The positions of the pancake vortices in each 

layer determine the magnitude of the phase difference (p(0)n,n+i(r) according to the

condition
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V

where v denotes the coordinates within a given plane, n (52]. Equation (3.18) essentially 

states that any change in the phase difference is due to the misalignment of vortices, with 

the right side giving the degree of misalignment, summed over all vortices. In practice*, 

one first finds the position of the vortices, then obtains (p(0)n,n+i(r) by solving equation 

(3.17) using (3.18) as the boundary condition.

As mentioned above, determination of the exact position of the vortices in the 

presence of thermal fluctuations and pinning centers is a difficult task, and will not be 

undertaken here. Instead, look again at the position dependent dielectric function, 

equation (3.16). Ignoring the contribution from the normal currents and taking the spatial 

and temporal averages of the positions of the vortices, which takes into account the 

effects of thermal and disorder induced fluctuations, one obtains

where <...>t,d denotes the temporal and disorder averaging, and the field dependent 

plasma frequency is now defined as [46]

From the definition of COpo above, the Josephson plasma frequency for a layered 

superconductor can be expressed as

£t (r, co) = e I -  «  cos Cpl0Li. > t >d > (3.19)

CoJ(B5T) = CoJ0 « c o s c p n_n+1 > t> d. (3.20)

(3.21)
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where the field and temperature dependent critical current density along the z axis can 

now be defined as j[z)(B,T) = J<z) «  cosxpn n+1 >t>d. It is this result, (3.21), which will

be used for subsequent analysis, as it relates the measurable plasma frequency to the field 

dependent average of the cosine of the gauge invariant phase difference between adjacent 

layers.

To obtain a physical intuition for equation (3.21), one must first understand equation 

(3.18). Here, it is stated that a gradient in the phase will be obtained whenever the 

positions of the vortices in adjacent layers do not align. Hence, (pn,n+1 will be non-zero 

when there is misalignment between the Q2D pancake stacks. As seen above, Jc(B5T) 

between layers follows a <cos(pn,n+i>t,d relationship, therefore, the maximum current flow 

across the stacks will be observed for the T= 0, 3D flux line lattice, with perfectly aligned 

vortices. In this case, the plasma frequency will simply equal the zero field value, as 

<coscpn,n+i>t,d -> I. Of course, at finite temperatures, thermal fluctuations in the positions 

of the vortices cause <cos(pn,n+i>t,d < I, as (pn,n+i becomes finite due to finite 

misalignment. Above the 3D to 2D crossover, one should expect <cos(pn,n+i>t,d «  I, 

since there is little correlation between vortices in adjacent layers. Hence, the field 

dependent Josephson plasma frequency acts as a probe of the vortex structure by 

measuring the averaged cosine of the phase difference between layers, i.e., the quantity, 

<cos(pn,n+i>t,d, depends explicitly on the misalignment of vortices in adjacent sheets [46, 

52].

Another way to describe this phenomenon is that the probability of the Cooper pairs 

tunneling between layers depends explicitly on the vortex structure. If a pair in layer n at
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position r  attempts to tunnel to the next layer, the likelihood of this transition will be 

suppressed if the order parameter at position r  in layer n+1 is different than that in layer 

n, due to the misalignment of vortices. Thus, linear 3D flux tubes allow for the 

maximum current to flow along the z-axis. However, thermal fluctuations, which cause 

the vortices to fluctuate about their mean position, and crystalline defects, which pin 

vortices in place, tend to create 2D stacks of uncorrelated vortex arrays. This causes 

increased misalignment, which acts to reduce the critical current density along that 

direction. Hence, this technique can be used for determination of changes in the vortex 

structure, e.g., melting of the vortex lattice [53].

Before continuing with the discussion, one subtle point must be made about the type 

of measurements performed in this work. All microwave measurements were conducted 

in a mode where the measurement frequency is held constant, and the temperature and 

the applied field determine the resonance condition. For example, in the case of 

cyclotron resonance the resonance condition is satisfied when the measurement frequency 

tomeas = Oc, with the cyclotron frequency defined by COc = eB/m*. Hence, by sweeping the 

magnetic field, one changes the resonance frequency until it matches COmeas- For the JPR 

measurements, the same technique was employed, tuning the resonance frequency with 

the applied field until it matches the measurement frequency. As seen above, at finite 

temperatures, application of a magnetic field in a real crystal tends to suppress the critical 

current density along the a-axis, due to increased misalignment of the vortices, thereby 

reducing the resonance frequency of the JPR. In a constant frequency, field swept 

experiment, any trend that causes an increase in C0p(B, T) will shift the observed 

resonance to higher magnetic field, since a stronger field is required to reduce C0p(B, T) to
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the measurement frequency, COmeas- Conversely, any trend which reduces C0p(B, T ) will 

shift the resonance to lower field, as a weaker field is required to reduce C0p(B, T ) down 

to (Omeas- Such behavior will be important for subsequent analysis of the temperature' 

dependence of the JPR at a given measurement frequency [24].

JPR in K-(ETV)CufNCS^

As mentioned in the introduction, K-(ET)2Cu(NCS)2 is a layered organic 

superconductor, with the magnitude of the anisotropy given by y = AoAu ~ 100-200 [54]. 

(Further superconducting parameters for this material, along with those of both a HTS 

and a type-I superconductor, are included in table 4 for comparison.) This large 

anisotropy drives the plasma mode down below the superconducting gap <2A),

making this material a prime candidate to observe JPR. Of course, with the exception of 

these collective plasma modes, there should be no finite low frequency electromagnetic 

response from a superconductor, since the energy of the radiation is not enough to excite

2c2quasiparticles across the superconducting gap, 2A. From the relation CO20 = — , where c

is the speed of light in a vacuum, one estimates the zero field plasma frequency to be ~ 

4200 GHz, just below the frequency given by 2A/& ~ 4600 GHz [55]. Although these 

two values are very close, actual measurements of the JPR occur at much lower 

frequencies (20 -  200 GHz), due to the suppression of Cpp by an external magnetic field, 

above Bcr. Therefore, below Tc a plasma mode is expected to dominate the low
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co n d u ctiv ity  (a) a x is  m icro w a v e  resp on se  w ith  freq u en cy  COp, w h ich  can  b e  u sed  to  probe  

th e vortex  structure as sh o w n  ab ove.

Table 4. Superconducting parameters for various materials.

Material
[Reference]

Tc
(K) 3

1 HcZii
(T) (Iim)

Xu
(dm)

L
(nm) (nm)

K l Ki

K-(ET)2Cu(NCS)2
[2]

9.5 5.5 32 -100 0.8 0.96 18.2 2000 -50

Bi2Sr2CaCu2O8H-S
[19]

inOOZ -100 ??? -30 0.14 0.02 0.25 2x105 -500

Pb
[56]

7.19 0.08 0.08 3.7 3.7 8300 8300 0.45 0.45

Microwave impedance measurements were performed on several single 

k-(ET)2Cu(NCS)2 crystals, with all samples giving qualitatively similar results. The 

dimensions of each crystal were approximately 0.75 X 0.5 x  0.2 mm3, with the least 

conducting axis the shortest of the three. The samples were placed in one of two 

configurations within the resonance cavity as shown in figure 26. In the first 

configuration, strictly in-plane currents are induced in the sample due to the oscillating 

magnetic field polarized perpendicular to the layers (HAc JLbc, figure 27a), while in the 

second, both in-plane and inter-layer currents were induced due to the in-plane AC 

magnetic field (H ag J-a, figure 27b).
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M a g n e t i c  Field ( tes la)

Figure 43. Dissipation versus applied field at 44 GHz for in-plane currents only. 
Starting from the bottom, the traces corresponds to 1.6 K, 2.3 K, 3.0 K, and 4.0 K, 
respectively and have been offset for clarity.

Figure 43 shows dissipation due to induced in-plane currents, as a function of 

magnetic field, for several different temperatures, and for a measurement frequency of 

44 GHz. In this configuration, and at low fields, the dissipation due to the surface 

resistance of the sample is a monotonically increasing function of field. This behavior 

can be attributed to the vortices in each sheet oscillating back and forth about their mean 

position at the driving microwave frequency [57]. As will be seen in chapter 5, this “flux

flow” motion is dissipative, with a resistivity given by pff = p nZ B X
U0H

[12]. Thus, as
\ r ^ O  c2 y

the field is swept, the resistivity of the material increases, causing an increase in the 

measured surface resistance. Above Hc2, the field dependence then levels off as the 

sample is driven completely normal, with a slight slope in the dissipation due to 

magnetoresistance in the normal state. For the very coldest traces, a series of oscillations
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are observed at the highest measurement fields (-30 T). These Shubnikov de-Haas (SdH) 

quantum oscillations are a direct result of the quantizing effect of a large applied 

magnetic field. In these measurements, the observed SdH oscillations were used to 

determine the absolute orientation of the sample with respect to the direction of the 

applied field. Notice that the observation of the oscillations offer convincing evidence 

that the sample is well coupled to the incident radiation, and the measured response of the 

system is due purely to the crystal. For a complete discussion on the SdH effect and 

quantum oscillations in general, see [11] and chapter one of this thesis. The most 

important result from this particular measurement is to note that this configuration shows 

no resonance behavior at any applied field.

1 O K

M a g n e t i c  F i e l d  ( tes l a )

Figure 44. Dissipation versus magnetic field at 76 GHz, for currents driven both 
parallel and perpendicular to the superconducting planes. The temperature varies 
from 2 K to 10 K in integer steps. Clearly, a resonant structure is present for this 
polarization of the microwave radiation.

In contrast to the purely in-plane result, figure 44 shows the microwave response of 

the crystal in the second configuration, for temperatures between 2 -  10 K, and a
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measurement frequency of 76 GHz. In this case, the data clearly shows a resonance peak 

in the dissipation as a function of applied magnetic field. As there is no indication of this 

resonance in the in-plane data, it is assumed that it comes from the interlayer (Josephson) 

currents. Also notice that the trace at the highest measured temperature (10 K > Tc) 

shows no resonance structure. Hence, it must be the superconducting condensate that is 

responsible for the resonance. Moreover, in figure 45, dissipation versus magnetic field 

is plotted for several frequencies spanning a broad range. It is clear that the resonance is 

driven to lower magnetic field at higher measurement frequencies; thus, this resonance 

phenomena shows an “anticyclotronic” behavior. This is precisely what is expected for a 

JPR, as discussed above. From equation (3.21), C0p(B, T) will be suppressed from its zero 

field value due to the misalignment of vortices for larger applied fields. Consequently, 

the resonance will exhibit an anticyclotronic behavior. From these facts, one concludes 

that it is, in fact, a Josephson plasma resonance, which is responsible for the observed 

microwave absorption [24].

"* 153 GHz

76 GHz

59 GHz

44 GHz

28 GHz

Magnetic Field (tesla)

Figure 45. Dissipation versus magnetic field for various frequencies, at 2 K. As 
the measurement frequency increases, the resonance is observed at lower 
magnetic field.
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Temperature dependence of the JPR.

In figure 46, dissipation versus magnetic field is plotted for temperatures between 2 -

10 K, and at a measurement frequency of co/2tc = 44 GHz. Like the 76 GHz data, the

resonance peak exhibits a monotonically decreasing resonance field as a function of

increasing temperature. However, upon closer inspection of the low field tail of the

resonance, a completely different temperature dependence is observed. Here, the

structure shows an initial increase in field upon raising the temperature, reaches a

maximum at around 4 K, then decreases back to zero as T0 is approached (dotted line).

This is the first time such an anomalous low field/low temperature behavior has been

observed in an organic superconductor. In figure 47, a similar resonance structure is seen

at a measurement frequency of 111 GHz, except in this case the anomalous temperature

dependence or “cusp” can be seen in the position of the resonance rather than in the low

field tail. The phenomenon responsible for the cusp hasn’t changed, rather the resonance
\

has been pushed to lower field by measuring at a higher frequency. These opposing 

temperature dependencies of the resonance field, above and below the anomalous regime, 

is suggestive of some sort of transition in the superconducting system.
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0 . 0  0 .5  1 .0  1 .5  2 .0  2 .5  3 .0

Magne t i c  Field ( tesla)

Figure 46. Dissipation versus magnetic field at a frequency of 44 GHz, and for 
temperatures between 2 -  10 K. The main resonance peak is a monotonically 
decreasing function of temperature (indicated with an arrow), but the low field 
tails exhibit a “cusp” behavior (illustrated with the dotted line).

Previously in this chapter, the consequences of measuring at a constant frequency 

were discussed. For the low frequency data, a monotonically decreasing resonance field, 

as a function of increasing temperature, indicates that the increased thermal energy 

suppresses the interlayer current density and therefore COp. This result is not surprising, 

since the additional thermal energy acts to cause fluctuations in the positions of the 

vortices about their mean positions, causing reduced overlap of the pancakes in adjacent 

layers. This misalignment creates a finite phase difference, cpn,n+i, between layers, which 

suppresses the resonance field, through equation (3.21).



99

2 . 0  K

1 0 . 0  K

0 . 0 0  0 . 2 5  0 . 5 0
M a g n e t i c  F i e l d  ( t e s l a )

Figure 47. Dissipation versus magnetic field at 111 GHz, and temperatures of 2 -  
10 K. The anti-cyclotronic nature of the JPR moves the resonance field down into 
the anomalous cusp regime.

In contrast, the temperature dependence of the high frequency data is more surprising. 

The initial increase in field of the resonance with increasing temperature indicates an 

enhancement of JC(B, T) across the a-axis. More precisely, this anomalous temperature 

behavior implies that <cos(pn,n+i>t,d is increasing. Therefore, the misalignment of vortices 

is decreasing with increased temperature. However, this enhancement of <coscpn,n+i>t,d 

only occurs up to a maximum temperature, above which a decreasing resonance field 

with increasing temperature is observed. Measurements spanning a wide frequency range 

(see figure 48) indicate that this anomalous behavior is confined to a relatively narrow 

region of the measured field and temperature domain. In fact, comparison of the 

crossover field and temperature, for various frequencies, with published magnetization 

data show that this transition falls along, or near to, the irreversibility line [59, 60]. Due 

to the abrupt change in the temperature dependence of the resonance field at the
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crossover, one must conclude that this change results from a transformation in the vortex 

structure.
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Figure 48. The resonance field versus temperature for various frequencies. The 
dashed line is a guide for the eye, which separates the anomalous low field and 
temperature regime from the rest of the field/ temperature phase space.

As mentioned above, at approximately 3 mT, the vortex system crosses over from a 

3D flux line lattice to a decoupled stack of 2D sheets of pancake arrays [49]. With only a 

few randomly positioned defects per sheet, and at finite measurement temperatures, there 

should be almost no correlation between vortices in adjacent layers. Within this Q2D 

vortex lattice phase, the potential well locking a given vortex at a particular location is 

given by the sum of three terms: the first, of course, is due to the collective pinning of the 

Q2D solid by the defects, which is assumed to be small and local for the point defects 

associated with this material [19]; the second term comes from the strong repulsion 

between the neighboring vortices within the same layer. The combined effect of these 

two interactions produces a symmetric potential well, since each pancake is located in a 

2D triangular vortex array. The final interaction comes from the weak attraction of

I I

\ *  •
\
\

►V

99 GHz 
105 GHz 
109 GHz 
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vortices in adjacent layers, due to the tension in each flux line [12]. As the vortices in 

different layers are inherently misaligned, it is this contribution to the total potential 

which leads to the formation of asymmetric potential wells (see figure 49).

n , n -  I

Figure 49. The total asymmetric potential well for a Q2D pancake vortex in layer 
n (solid line). The attraction to the vortex in the adjacent layer, n-1, creates a 
symmetric potential, which is offset from the symmetric potential created by the 
combined effects of collective pinning and strong inter-vortex repulsion.

Within the Q2D solid phase, upon increasing the temperature slightly, thermal 

fluctuations will tend to cause the vortices to deviate from their mean positions. Notice 

that the asymmetry of the potential wells will cause the mean positions of the vortices to 

vary with temperature. Consequently, increasing the temperature of the sample may 

actually increase the quantity <cos(Pn,n+i>t,d. Upon increasing the temperature further, one 

of two things can occur. The first possibility is that the thermal fluctuations become 

large, on the order of the inter-vortex separation, and the Q2D flux lattice melts, having 

satisfied the Lindemann criterion [50]. In this case, the potential wells created by the 

crystalline defects are so deep that the 2D sheets remain pinned until the thermal energy 

is large enough to overcome the inter-vortex repulsion creating a flux liquid state. This
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can be expressed in terms of either a temperature dependent critical field, Bm(T), or as a 

field dependent critical temperature, Tm(B). As seen from the lower frequency data, 

within the liquid phase, increased thermal fluctuations tend to suppress the interlayer 

critical current density. Therefore, the opposite temperature dependence is expected in 

the vortex liquid phase, as was observed.

The other possible explanation for the observed crossover behavior is a depinning 

transition. In this case, the potential well created by the defect is shallow compared to the 

strong inter-vortex interaction. Therefore, upon raising the temperature, thermal 

fluctuations in the position of the vortices increases, and the Q2D pancake arrays execute 

larger and ■ larger collective displacements from equilibrium. Eventually, the 

displacements exceed some critical depinning threshold, and the arrays become 

completely depinned or mobile. This new mobility allows the arrays in each layer to 

align more efficiently, thereby increasing <coscpn;n+i>t,d. Again,, this enhancement will 

only exist up to a critical temperature, where upon the displacements of the pancake 

arrays becomes so large, that <cos(pn,n+i>t,d will decrease with increased temperature.

To reiterate, melting and depinning of the Q2D vortex lattice are expected to produce 

qualitatively similar changes in the temperature dependence of the JPR. However, the 

physical origin of each transition is rather different. In the case of melting, thermal 

fluctuations overcome the inter-vortex interactions that maintain long range Q2D order, 

while for the depinning transition, thermal fluctuations overcome the random pinning 

forces and long range order among the Q2D vortex arrays persist. Unfortunately, as this 

method for the determination of the flux structure depends only on the thermal and 

disorder averaged value <cos(pn,n+i>t,d, it is only sensitive to global changes in the critical
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current density, and not the mechanisms for such changes. However, for either case 

mentioned above, the. opposing temperature dependence observed above and below the 

transition, should be expected.

From the temperature and field dependence of the resonances obtained at many 

frequencies, a clear transition line begins to emerge near the irreversibility line. 

Including this transition on the previously determined B-T phase diagram gives figure 50. 

In either scenario, a viscous vortex liquid state is believed to exist above the 

irreversibility line, beyond which is Hc2, the second order superconducting to normal 

transition. The only plausible explanation for the temperature dependence of the JPR 

resonance field above and below the transition field, Bm(T) (shaded region of figure 50), 

is the existence of a pinned Q2D vortex solid phase. This leaves two possible states that 

could exist between this transition line and the irreversibility line. In the melting 

scenario, the slim portion of the phase diagram represents a pinned liquid phase, where 

the pinning centers are deep enough to cause some remnant local order, but overall long 

range order is lost [19]. The second possibility, under the depinning scenario, is that the 

small slice of the phase diagram represents a vortex slush phase. In this state, long-range 

order exists, but the 2D vortex arrays have been broken up into domains or flux bundles, 

where some bundles are still pinned, while others are mobile. This plastic flow of 

vortices has been observed previously in the HTS [61]. In many respects, these two 

states are the same, with the subtle difference being the inter-vortex correlation length,

i.e., the size of both the pinned and mobile bundles is much larger for the plastic flow 

than for the pinned liquid.
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T e m p e r a t u r e  ( ke l v i n )

Figure 50. The phase diagram of the mixed state for K-(ET)2Cu(NCS)2. Open 
squares correspond to muon spin rotation experiments [49], filled squares refer to 
local magnetization measurements [62], filled circles are from these JPR 
measurements [24], open triangles determine the irreversibility line [59, 60], and 
open diamonds are from measurements of Hc2 [59].

As this particular set of experiments only allow for determination of Bm(T) over a 

relatively small portion of the B-T phase diagram (0.5 -  I T, and 2 -  5 K), one must use 

other techniques to explore other regions of the mixed state. One particularly effective 

method is that of torque magnetometry, which allows one to look at phase transitions in 

the vortex structure at high fields (up to 33 T) and low temperatures (25 -  200 mK) [51]. 

These experiments will be the subject of chapter four. Another group has performed 

local Hall probe magnetization studies in the high T (5 -  9 K) low B (0.1 -  0.01 T) limit 

[62]. Their data for a first order melting transition in the flux structure is included on the 

phase diagram in figure 50 (filled squares). This data seems make a nice continuation of 

the Bm(T) measured here at higher temperatures. Such a result is highly suggestive that
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the transition determined through these JPR studies is, in fact, a first order melting of the 

Q2D flux lattice. However, further studies are needed to confirm such a claim.

Frequency dependence of the JPR.

Equation (3.21) shows that the JPR frequency depends explicitly on the averaged 

vortex structure, and hence, the applied magnetic field strength and temperature. In this 

section, the form of this dependence will be determined for both the Q2D vortex solid 

phase, as well as the flux liquid phase, making comparisons to relevant theoretical 

models. These models have shown that the field and temperature dependence of the JPR 

frequency will be very different, not only for the solid and liquid phases, but also 

depending on the strength of the disorder.

Recently, A. E. Koshelev has derived the explicit form of COp within the vortex liquid 

state [63]. As the methods employed to obtain these results are well beyond the scope of 

this thesis, the actual frequency dependence on the applied field and temperature will not 

be derived here, but simply stated as

(02
P

4miJ02<I>0
ekBTB

(3.22)

Consequently, within the vortex liquid state, the JPR frequency should follow a 

ODp2 !/(TB) dependence. To this end; the square of the resonance frequency is plotted 

as a function of applied field in figure 51. This data was obtained by sweeping the 

applied field at constant frequency and temperature. From analysis of the temperature 

dependence in the previous section, by using resonances obtained only at 7 K, all the data 

points correspond to resonances above the transition line, Bm(T). The solid line is a
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powerlaw fit of the form COp2 = AB u, with p  = 0.92. This value is close to unity, thus, 

supporting the assumption that the system is in the vortex liquid phase, based on 

Koshelev’s theory. Also, one can extract the zero-field Josephson current density from 

the fitting parameter A. From this value one obtains J0 = 2 x IO7 Am'2, in agreement with 

previous measurements [64].

p = 0.92
2 x 10'Am

“  a  1 .0

0 . 0 0 0 . 0 5 0 . 1 0 0 15 0 . 2 0 0 .2 5 0 .3 0 0 . 3 5

M a g n e t i c  F i e ld  ( t es l a )

Figure 51. Square of the JPR resonance frequency as a function of magnetic field 
within the vortex liquid phase (T = 7 K). The solid line is a powerlaw fit, which 
indicates that GOp2 ~ 1/B, as expected in the liquid state [63].

Within the vortex solid phase, the determination of the field and temperature 

dependence of the resonance frequency gives insight into the explicit vortex structure. In 

this case, misalignment of the vortices due to pinning determines the JPR frequency 

dependence. As in the vortex liquid phase, the JPR frequency for the vortex solid is 

expected to follow a power law. In a highly disordered vortex solid, the exponent should 

again approach unity. Reduction of the pinning strength, i.e. cleaner crystals, will reduce 

the misalignment of vortices in adjacent layers, thereby reducing the magnitude of the 

exponent in the power law to less than unity. Finally, in the limit of extremely weak
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pinning, the displacement of the vortices from their mean positions in a perfect crystal 

(away from 3D flux tubes), is less than the coherence length of the superconducting pairs, 

and the frequency should exhibit a stretched exponential dependence on the magnetic 

field of the form

= exp[-(B /B d )3/2]. (3.23)

where Bd = Oj)I/Y[(47t:):'(27cyoEp)2/3d2̂  j is the decoupling field, above which coherent

interlayer tunneling ceases and Ep is a pinning parameter, which measures the amount of 

disorder in the sample [46, 65]. Thus, an exact knowledge of the field dependence of the 

resonant frequency determines the degree of misalignment of the vortices due to pinning 

centers in the crystal.

[1 = 0.35

Magnet i c  Field (tesla)

Figure 52. Square of the plasma frequency versus magnetic field within the Q2D 
vortex solid phase (T = 2.0 K). The solid line is a powerlaw fit, which indicates a 
weak to moderate degree of pinning within the crystal.

In figure 52 the square of the JPR resonance frequency is plotted as a function of 

applied magnetic field, within the Q2D vortex solid state, as determined above. The solid
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line is a powerlaw fit, from which an exponent of jx = 0.35 is obtained, indicative of an 

intermediate to low degree of pinning in the solid phase. A similar plot is shown in 

figure 53, for the same data. However, instead of plotting the square of the JPR 

frequency versus B, it is now the square of the JPR frequency versus B372. The solid line 

in figure 53 is a decaying exponential fit, which gives a value of Bd = 0.15 T. Note that 

this value is rather small compared to previous measurements [24], and may be indicative 

of reduced sample quality. Thus, one finds that either form of the resonance frequency as 

a function of applied field gives a reasonable agreement with the data, with comparable 

%2 values for either fit. As both theories correspond to moderate to weak pinning 

scenarios, this result should not be too surprising. In fact, it seems that the measured 

crystals are right at the transition from moderate to extremely weakly pinned Q2D vortex 

solid, hence, the agreement with either fit. Therefore, from the field dependence of the 

low field/low temperature data', it is clear that the K-(ET)2Cu(NCS)2 system is in a 

distinctly different pinning regime from the moderate field and higher temperature data 

on the liquid/depinned phase. Note that similar experiments on several HTS also exhibit 

powerlaw dependencies of the squared JPR frequency on field with exponents of order 

unity [58, 66]. This occurs even in the vortex solid phase, indicative of a considerable 

amount of crystalline disorder compared to the materials studied here. For a quantitative 

measure of the difference in pinning strengths between the ET based superconductors and
X '

the HTS, one need only compare the pinning parameter Ep from equation (3.23). From 

these measurements, one obtains values between Ep = 6.3 x IO'13 to 1.3 x IO"12 J2m"4, 

approximately three orders of magnitude less than that obtained for Bi2Sr2Ca2Cu2O8̂

I



109

[65, 67]. Consequently, organic superconductors offer an excellent alternative to the 

HTSs for studying JPR and vortex physics in the clean crystal limit.

oV=Aexp[-(B/BD )]
Bd = 0.15 T 
J0 ~ 3 x IO7Am

(te s Ia )

Figure 53. Square of the plasma frequency versus B3/2, within the vortex solid 
phase (T = 2.0 K). The solid line is an exponential decaying fit, indicative of 
extremely weak pinning.

Conclusion

A magnetoelectrodynamic technique has been used to determine changes in the vortex 

structure within the mixed state of the organic superconductor k-(ET)2Cu(NCS)2- From 

the non monotonic temperature dependence of the JPR field, a transition in a narrow 

temperature and field range, which distinguishes two thermodynamic phases of the vortex 

structure, has been determined. Using the field and temperature dependence of the JPR 

frequency in the regime below the transition, one is able to show that the system is in a 

weak to moderately pinned Q2D vortex solid phase. Likewise, the field and temperature 

dependence of the JPR frequency above Bm(T) suggests that the system is in a vortex 

liquid state. Thus, this highly sensitive measurement technique has allowed for the
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determination of subtle changes in the vortex structure that have been previously 

undetected in this field and temperature regime.

This method has allowed for the determination of a phase line between the Q2D solid 

and a mobile vortex phase, over a rather narrow temperature and field range ( 2 - 4  K and 

0.05 -  0.5 T). Therefore, other techniques must be employed to determine more of the 

phase diagram. These “high T and low B” experiments serve as a motivation for 

continuing to work with this material over the entire mixed state phase diagram. A future 

3He system and higher frequency sources should allow for JPR measurements to be 

performed over the temperature range of 0.3 -  1.5 K and 16 -  600 GHz. This extended 

temperature and frequency range will allow for measurements strictly within the vortex 

solid phase, thereby determining the true field dependence of the resonance frequency. 

In the next chapter, another method for obtaining the phase diagram of the vortex system 

will be discussed. This work will be carried out in the “low T/high B” limit, 

complementing the work in this chapter.
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MAGNETIZATION MEASUREMENTS OF K-(ET)2Cu(NCS)2

The majority of the results obtained in this chapter can be found in two articles: 

QuantumMelting of the Quasi-Two-Dimensional Vortex Lattice in K-(ET)2Cu(NCS)2, M. 

M. Mola, S. Hill, J. S. Brooks, and J. S. Qualls, Physical Review Letters 86, 2130 (2001) 

[51]; and Magneto-Thermal Instabilities in an Organic Superconductor, M. M. Mola S. 

Hill, J. S. Qualls, J. S. Brooks, International Journal of Modern Physics B, in press [68].

hi the previous chapter, the prime concern was with the transport of supercurrents 

along the least conductive (a) axis of the organic superconductor K-(ET)2Cu(NCS)2. 

Above the three-dimensional (3D) to quasi-two-dimensional (Q2D) crossover field (Bcr ~ 

7 mT), the applied magnetic field proved to hinder the supercurrent due to the 

misalignment of pancake vortices between layers. This misalignment stemmed from 

thermal fluctuations at finite temperature, and pinning due to random crystalline defects 

within this highly anisotropic material. In this chapter, the concern will again be with the 

mixed state properties of the same organic superconductor, but now the focus will be on 

the dynamics of the vortices within each layer and their interactions with pinning centers 

due to metallurgical defects. While working at high temperatures and low fields in the 

previous chapter, a phase transition in the vortex state was observed near the 

irreversibility line. Such a result is indicative of the presence of a Q2D vortex lattice 

(from Bcr defined on page 82 all the way to Birr) over a large portion of the mixed state 

phase diagram, see figure 74. This result serves as motivation for following this 

transition over a wider range of the phase diagram. In this chapter, the phase diagram 

will be explored at extremely low temperatures and large fields, resulting in the observed
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transition in the vortex lattice structure to be governed no longer by thermal fluctuations 

of the positions of the vortices, but rather by quantum fluctuations [51]. In this case, the 

inter-vortex distance becomes so small in the large applied fields, that the zero-point 

energy is strong enough to cause displacements of the vortices from their mean position 

which are on the order of the inter-vortex distance [69].

Theory

In a perfect crystal with no defects, and at low temperatures, it is expected that 

magnetic flux enters the superconductor abruptly at Hcl, forming a uniform, trigonal 

array of quantized 3D flux tubes. The density of the vortex lattice then depends only on 

the strength of the applied magnetic field, where the inter-vortex distance is given by 

a ~ (OoZBapp)172. Thus, as the field is increased, the density of flux tubes - i.e., the packing 

of the vortex crystal - increases until the normal cores of each vortex begin to overlap,

thereby defining Hc2
27t^2(T)

, where E1 is the coherence length of the Cooper pairs

(see figure 39) [17]. Of course, there is no such thing as a perfect crystal and some 

deviation-from the behavior discussed above is to be expected.

It was shown in the last chapter that, because of the layered structure of these organic 

superconductors, above Bcr the magnetic flux penetrates as stacks of weakly coupled 2D 

pancake vortices. It was also shown that crystalline defects and thermal fluctuations in 

the positions of the vortices tend to misalign these stacks, thereby creating decoupled 2D 

vortex solids at low temperatures. However, the way in which the magnetic flux actually 

entered into the superconductor, and the associated dynamics of the vortices migrating
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from the crystal edge, to their equilibrium position within the sample, at the maximum 

applied field was not addressed. Here, the principles for such an investigation will be 

developed, based on the critical state model developed by Bean and Kim in the early 

1960’s [15, 70].

General arguments

In a perfect, or completely reversible superconductor, well within the interior of the 

sample, magnetic flux can move through the crystal under the influence of an external 

force, i.e., through magnetic pressure which results from field (flux density) gradients or 

through the Lorentz force on any transport current,

Fl = J t XO0B , , (4.1)

where B is a unit vector which points in the direction of the applied magnetic field and J f  

is a local transport supercurrent density, due to any applied external voltage [17] (see 

figure 54). ■ However, the motion of the vortices is not dissipationless; the flux moves 

viscously through the crystal. . The resistivity associated with this viscous “flux flow” is 

given by

Pff Pn
app

V H c2y
(4.2)

where pn is the resistivity of the normal state [12]. Essentially, (4.2) states that the 

resistance within the flux flow state is due to the normal regions in the normal cores, with 

the ratio of HappZHc2 giving the fraction of normal regions in the system at zero 

temperature. Consequently, the motion of vortices through supercurrent carrying regions 

of the sample impedes this current flow; the supercurrents are essentially forced to flow
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through the normal vortex cores, where the bound Cooper pairs dissociate into separate 

quasiparticles, where they dissipate energy. Of course, this would not occur for a 

stationary vortex system, since the currents could simply bypass the normal cores [17]. 

The end result of this is that a type-E superconductor within the mixed state, is no longer 

strictly superconducting, as some resistance is associated with the flow of mobile 

vortices. Such a result is quite surprising in that a perfect type-II superconductor, of 

infinite dimensions in an applied magnetic field, always results in dissipative current 

flow.

Of course, in a real crystal of finite size, this behavior is not observed, due to the large 

surface barrier that acts to pin the vortices to the interior of the crystal. Thus, at zero 

temperature, for a uniform flux distribution and no applied transport currents, the vortices 

will form a perfect triangular lattice. When an external voltage is applied across the 

sample a transport supercurrent will flow. Hence, the vortices will feel a Lorentz force, 

causing them to flow viscously across the sample in a direction perpendicular to the 

direction of the transport current. In direct analogy with the Hall effect, this will create a 

flux gradient across the sample, with the vortices compressed on one side, and rarefied on 

the other. Eventually, an equilibrium condition is reached since the flux gradient can 

only grow so large, and the transverse supercurrent will again flow without dissipation 

(this subject will be discussed in detail below).
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Figure 54. A transport current due to an applied voltage creates a Lorentz force 
(Fl ) on an isolated vortex, which causes it to move viscously through the 
superconductor with a velocity vv.

Immediately, it becomes apparent that crystalline defects can play an important role in 

the dynamics of magnetic flux within a type-II superconductor. As seen earlier, random 

point defects associated with single crystal superconductors create potential wells. 

Within the mixed state, these wells tend to trap vortices, inhibiting their flow, thereby 

reducing the dissipative mechanism. For applied fields greater than JI0HcI, strong inter

vortex repulsion causes the vortices to align into a correlated flux lattice. If just one of 

the vortices in that lattice is pinned by a defect, then the entire lattice is essentially 

anchored by that lone defect [19]. Thus, a large number of vortices are prevented from 

moving through the superconductor viscously, and in principle, only one defect is 

required to completely pin the entire vortex lattice throughout the whole crystal. Of 

course, given enough energy, the pinned lattice can overcome the potential wells created 

by defects. One way for this to occur involves increasing the average kinetic energy of 

the entire system by raising the temperature. Thus, assuming the vortices obey classical 

Boltzmann statistics, increased thermal energy enables the vortices to “hop” out of the
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pinning potential wells. At a critical depinning temperature, Tap, the pancake arrays will 

completely depin, exactly like the transition described in the previous chapter.

ksTap-Vp*, M 3)

where Vpin is the depth of the pinning well, and kB is Boltzman’s constant [17].

Figure 55. A single vortex (or flux lattice), with enough thermal energy 
(Vpin ~ kBT) will depin.

Another method by which vortices may depin is by passing a large current through the 

crystal, such that the magnitude of the Lorentz force becomes greater that the pinning 

force, i.e.,

J cXOB > -V V n (4.4)

where J c is defined as the maximum dissipationless or critical current density [17]. 

Above Jc  the flux depins, and the vortices move viscously, creating a finite resistance 

associated with the current flow. This behavior is shown in figure 56, where the critical 

current Ic marks the onset of dissipative current flow, for samples with varying degrees of 

crystalline disorder. Hence, crystalline defects can actually increase the maximum 

critical current density of a superconductor (for a perfect crystal J c = 0). In fact, for 

technological purposes, i.e., commercial magnets, defects are purposely introduced to the
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superconductor such that the critical current is maximized. A proper introduction of 

quenched disorder is given in reference [19].

Current

Figure 56. Voltage versus current for two superconductors with different critical 
currents. Ic is defined as the onset of resistive current flow within the 
superconducting state, due to the viscous vortex motion.

It is important to notice that the pinning of vortex arrays will only take place within 

the vortex solid phase of the mixed state. In order to form bundles of flux, i.e., an 

ordered array of semi-long range correlated vortices, there must be strong interactions 

between adjacent flux lines. However, upon melting of the flux lattice, the internal 

energy of the vortex system is large enough to overcome the strong inter-vortex 

repulsion, and the vortices can move relative to each other much more freely. Therefore, 

even if a single vortex is pinned to a crystalline defect, others in the vicinity can slide past 

it quite easily. In turn, this leads to a Jc in the vortex liquid phase which tends to zero. 

One now has a criterion for determining the melting of the Q2D vortex lattice. If it can 

be determined when the shear modulus of the vortex solid goes soft, e.g., when correlated
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flux bundles cease to exist, then the melting line in the B-T phase diagram can be 

determined [19].

Figure 57. In the vortex liquid state, unpinned vortices (•) can slip past other 
pinned vortices (<8>). Such behavior does not occur in the solid phase, since strong 
inter-vortex interactions maintain large correlated flux bundles.

The critical state model

In a field swept experiment, magnetic flux is completely expelled for Bapp < goHd. At 

Hci flux begins to enter the superconductor in the form of quantized vortices, which enter 

at the edges and migrate into the interior. As seen above, this migration is dissipative, 

and can be inhibited through pinning by crystalline defects. However, unless the field 

sweep is stopped, magnetic flux will continue to pile up behind the pinned vortices, 

causing bound flux bundles at the sample edge to increase in size and density. This 

piling up of vortices creates a flux or field gradient, much like that seen in figure 58. Of 

course, this flux gradient will have a current density associated with it, which is derived 

simply from Maxwell’s equation, VxB = g 0J .  However, the flux gradient can only 

become so steep, as determined from the critical current density, i.e., (VxB)mix = [t0J c.

If the current density becomes larger than its critical value, the flux bundle will depin and 

“creep” into the interior of the crystal (see figure 55) [17]. Upon depinning of the vortex 

bundle, the flux gradient is partially dissipated, thereby reducing the current density in
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the vicinity of the defect. With the local current density less than the critical value, the 

pinning center can trap another vortex, and the process begins anew. Of course this 

behavior is much more continuous than described here, and it is easier to think that when 

the flux gradient becomes too steep, vortices simply roll down the potential gradient, into 

the interior of the crystal (figure 59), thereby maintaining a constant magnitude of the 

flux gradient [12].

® B

X
A

-------- ► V

Figure 58. A flux gradient forms in the x direction due to a pinned vortex in the 
flux solid phase. This induces a transport current at the crystal edge, along the y- 
axis.

In figure 60, an idealized graph of the local field B(d) is plotted vs. the applied field, 

MoH, over the diameter of the sample, d. Notice that outside the sample, the magnetic 

field is constant, as expected. However, inside the sample the flux density is a linearly 

decreasing function of distance into the interior of the sample. The slope of the field, 

dB/dx, is constant and determined by the critical current density, Jc [12]. The solid lines 

show the local flux density on the initial upsweep of the applied field. B marks the 

minimum field of non-zero flux density everywhere within the interior of the entire
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sample. The dashed lines indicate the flux density on the down sweep. In this case, B* 

corresponds to the applied field where the total integrated current within the sample, due 

to the flux gradients, is zero, i.e., the average of dB/dx over the entire crystal is zero. 

According to this model, the local magnetic field will be

B(r) = n oH + n 0J°j[B(r')]dr', (4.5)

where the field at r  depends explicitly on the current density integrated from the surface 

of the crystal to r. This form of the field dependence then takes into account the history 

dependence of the current density. As seen in figure 60, the current density at a given 

point depends on previous field sweeps.

V(x) ▲

I-VVpinI-O

Figure 59. If the magnitude of the flux gradient exceeds the limit set by the 
critical current density, flux bundles can roll down the flux gradient, as the local 
pinning potential is 0.

It is with this model that further experiments will be analyzed. The important points to 

remember are:

I. Field swept experiments cause vortices to migrate from the sample edge into the 

interior, as the external flux density (Ii0H) is increased.
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2. Crystalline defects create pinning centers, which tend to bind vortices to a given place 

in the crystal lattice. Upon sweeping the applied field, vortices pile up behind the 

pinned pancake vortices creating large flux bundles in the vortex solid phase.

3. The slope of the flux gradient cannot exceed the maximum value determined by the 

critical current, which depends explicitly on the depth and density of the potential 

wells created by the pinning centers. Thus, the magnetic flux will creep into the 

interior of the sample while maintaining a critical magnitude of the flux gradient.

4. With vortices constantly moving into the interior of the crystal, and currents flowing 

due to the flux gradient, dissipation should be expected for this current flow. As seen 

earlier, when vortices are mobile, in the presence of a transport current, the resistivity 

associated with this flow will be given by equation (4.2).

Figure 60. Bean’s model for the critical state. The flux gradient is constant as the 
vortices creep into (out of) the interior of the sample with an increasing 
(decreasing) applied field. B* is the field at which the flux exactly enters the 
entire crystal on the initial upsweep, or the field at which the total current density 
is zero on subsequent up or down sweeps.

< d
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Magneto-thermal instabilities

Under the right circumstances (or wrong depending on one’s needs), dissipative 

current flow can cause magneto-thermal instabilities, i.e., if the out flow of heat from the 

crystal to the surroundings is less than the generated heat due to the dissipation associated 

with vortex motion, thermal runaway is inevitable. Of course, instabilities of this nature 

could have great influence on the dynamics of flux flow within a superconducting crystal. 

Hence, the circumstances under which thermal runaway may occur, and the effects it will 

have on the particular organic superconductor under investigation, must be determined 

[71,72, 73].

If the heat, q, generated by the dissipative flux can be transported'efficiently from the 

crystal to the surrounding cryogen bath, the system will be stable against increasing 

applied fields, and the critical flux gradient (current) will be maintained. If, however, the 

heat remains localized, this will act to raise the temperature at the location of the “hot 

spot”, thereby increasing the thermal fluctuations of the position of the vortices. With 

this increased kinetic energy, the likelihood of the vortices hopping out of the defects’ 

potential well increases, reducing of the critical current density in that region, thereby 

increasing the mobility of the vortices. This increased mobility causes an increase in the 

local dissipation, generating more heat, which raises the temperature, etc. As the hotspot 

becomes more resistive, the bulk of the current is diffused to the periphery, which 

eventually acts to increase the size of the hotspot. Hence, the possibility of a runaway 

thermal instability exists [15]. However, it must be emphasized that these instabilities 

will only occur in the vortex solid phase, where the flux bundles maintain long-range 

order, allowing for the formation of a flux gradient as the field is swept.
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Both the underlying material properties of the crystal under investigation, as well as 

the mixed state properties of the superconductor, determine the stability criterion.' For the 

material properties, it is the thermal and electromagnetic diffusivity coefficients which 

determine the rate at which currents and heat can be passed through the crystal structure 

[12]. If thermal diffusion is efficient, any local concentration of heat is quickly carried 

away to the surroundings before it grows into a hot spot. If, however, a hot spot is 

formed, its growth is largely controlled by the electromagnetic diffusion, with a large 

electrical conductivity helpful in suppressing the formation of a hot spot. For a semi- 

quantitative analysis of the magneto-thermal stability criteria, one sets up the following 

diffusion equations [15]

dT
c , -  = v . (K1V T H p ,

dB _ p 
dt |i0e0

I 9p 3B | d2B 
p dx dx dx2

(4 6)

(4.7)

where Csp is the specific heat of the crystal, Kn is the thermal conductivity in the normal 

state, P is the power generated by Joule heating, and p is the effective resistivity in the 

mixed state, Le., p ~ pff. In this model, the field points along the a-axis of the crystal, 

which is oriented along the z direction. Vortices move along the x-axis, and J  arising 

from dB/dx flows along the y direction (see figure 58). In general, the power term is of 

the form

(F0 -qoQ 
_ kBT

P oc J exp (4.8)
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where F0 is the energy barrier for a pinned flux bundle, and qa is the reduction of the 

barrier height by the Lorentz force, qoc ~ |J c x B |. These equations are obviously

non-linear, and remain unsolved, except for a few specific cases [15].

One situation, which is often dealt with, assumes that the thermal equation has reached 

a steady state, but with small thermal fluctuations, 5T(r, z, t), e.g., at the hot spots. 

Whether any of these fluctuations grow or decay depends on the cooling efficiency of the 

system, being governed by (4.6)

Thus, one is left with one non-linear equation that contains all of the information needed 

to obtain the stability criterion [15],

As dJc/dT is almost always negative, (4.12) shows that stability is actually rather 

difficult to obtain, making the observation of instabilities likely. As solving equation 

(4.12) is still difficult, one can obtain an approximate criterion for stability by assuming 

that thermal fluctuations are localized within a volume of radius r, and by plugging in, 

values for the necessary parameters [12]. From this estimate, one finds

(4.9)

Assuming a simplified form of the dissipated power

(4.10)

one obtains

(4.H)

(4.12)
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z
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d(5T) _ K 

d f

k\
— ^  +  1 0 0 -  

V r 2 T
5T. (4.13)

To maintain steady state stability, (4.13) leads to the desired relation, ST/T < 0.01. Thus, 

the local temperature at the position of the hot spots may not exceed the average crystal 

temperature by more than ~ 1%, or an instability will result. This is why it is necessary 

to sweep commercially available magnets at such a slow rate. If the field is swept too 

quickly, the dissipation due to flux creep will exceed the cooling capacity of the system, 

causing the magnet to quench, and thereby turning energy stored in the magnetic field 

into thermal energy [12].

In order to observe magneto-thermal instabilities within the mixed state, the sample 

must remain in the vortex solid phase, as well as have strong pinning to form the 

necessary flux gradient. If the vortices can hop out of the wells created by the pinning 

centers, due to increased temperature, the flux bundles will easily depin, thereby reducing 

the critical currents, and associated flux gradient. To ensure that this does not occur, 

measurements must be performed at extremely low temperatures, where quantum 

tunneling is the dominant mechanism for flux creep [74]. Finallyi the applied field must 

be swept faster than the rate at which the flux can quantum mechanically creep into the 

sample interior [17]. This is perhaps the easiest criterion to satisfy, as the creep rate is 

extraordinarily slow at such low temperatures. In fact, in magnetization relaxation 

measurements, Mota et al. have shown that below ~ 0.5 Ki quantum tunneling becomes 

the dominant mechanism for flux creep in the material studied here (see figure 61). 

Hence, for all the experiments described in this chapter, the applied magnetic field was 

swept at a rate of 0.5 tesla per minute.
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Figure 61. Flux creep rate versus temperature from [13]. Around 0.5 K, the flux 
creep rate becomes temperature independent, indicative of quantum tunneling 
becoming the dominant creep mechanism.

Now, the observable effects of these magneto-thermal instabilities must be 

determined. As seen above, once a hot spot has become unstable, it will grow quickly, 

causing macroscopic sections of the sample to increase in temperature. This local 

fluctuation in thermal energy soon runs out of control, thereby quickly increasing the 

temperature above Tc . This is shown in figure 62, where temperature spikes were 

observed in a single YBa2Cu3O7-S crystal during a field swept experiment [75]. Above 

this critical temperature, macroscopic portions of the sample become completely normal, 

and magnetic flux can simply avalanche into the crystal interior. This rapid flow of 

magnetic flux from the crystal edge into the interior of the sample, dissipates much of the 

field/flux density gradient, thereby quenching the current. The sample then quickly 

cools, and once again becomes superconducting with a slightly different meta-stable 

vortex arrangement. As the sample approaches its equilibrium temperature, the process 

begins anew. Due to the abrupt changes in current density before and after an instability, 

one should expect to be able to measure significant changes in the magnetization of the
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sample whenever a quench occurs. In fact, the discontinuous change in current density 

produces jumps in the magnetization, which are referred to as “flux jumps” [71, 72, 73]. 

The remainder of this chapter shall be used to investigate the temperature and angle 

dependence of these flux jumps, as well as use their presence to indicate the existence of 

a vortex solid phase. Thus, magneto-thermal instabilities will prove to be crucial in the 

determination of the low T/high B portion of the phase diagram.

16 — i r ~  *1— r— ^— i— I — r
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Figure 62. Temperature versus magnetic field for a single crystal of YBa2Cu307.6 
from [75]. Thermal spikes indicate runaway magneto-thermal instabilities.

Flux jumps in K-(ET)7Cu(NCS)?

Torque magnetization measurements have been performed on several single crystals 

of K-(ET)7Cu(NCS)I (figure 63). The temperature was varied from a base of 25 mK to ~ 

300 mK, while the applied field was swept from 0 to 20 T at a rate of 0.5 T/min. The 

angle between the applied field and the direction normal of the superconducting planes 

was also varied from O0 and 90°. Analysis begins with the determination of the 

temperature and angle dependence of the amplitude of the flux jumps.
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Figure 63. Raw data of the torque on the sample as a function of applied 
magnetic field, at 25 mK for angles between 79° (outermost) and 16° (innermost). 
Field sweep direction is indicated with arrows.

Analysis of flux jump amplitudes

In figure 64, magnetization is plotted versus applied magnetic field for both the up and 

down field sweeps (signified with arrows), at 25 mK and for angles between 

approximately 80° and 16°, where the angle, 6, is defined as that between the direction of 

the applied field and the direction normal to the highly conducting layers of the crystal. 

Each trace is characterized by an initial increase in magnetization, reaching a maximum, 

and then steadily decreasing until it reaches the irreversibility field, P0Hirr. The down 

sweeps exhibit a similar behavior with the sign of the magnetization inverted. It is 

believed that the large initial increase in magnetization is due to contributions from both 

flux gradients associated with pinning centers near the crystal surface, and geometric 

surface barriers, which induce large surface currents. The physics of surface barriers is
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quite complex, and the interested reader should refer to a series of papers by E. H. 

Brandt, et al. [76, 77, 78].

Figure 64. Magnetization versus magnetic field, at 25 mK, for various angles. 
Arrows show the direction of field sweep. Saw-toothed flux jumps are obvious.

Catastrophic flux jumps are seen as a series of saw-tooth oscillations superimposed 

upon the monotonically decreasing magnetization curve. Between each jump, the 

magnetization increases with field, with a slope proportional to !/Happ. This is seen in 

figure 65, where dM/dHapp vs. IZHapp is plotted. At low values of IZHapp, dMZdHapp is 

small and constant; clearly this is the reversible range of the magnetization measurement. 

This is followed by a sudden increase in slope to a field dependent value, which then 

increases linearly with respect to IZHapp. The dark vertical streaks correspond to the 

derivatives of the magnetization with respect to the applied field taken over the 

discontinuities at the flux jumps, which appear as inverted delta functions. The IZHapp 

dependence of the magnetization is due primarily to the repulsive interaction between 

vortices. Thus, as the flux density is increased, the free energy of the system increases as 

F ~ Info -  rO, where r, and r2 define the position of vortices I and 2, respectively [12].
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As the magnetization is defined in terms of the free energy as M = dF/dHapP, one should 

expect a logarithmic dependence in the magnetization as a function of applied field,

precisely as observed, i.e., ~ — so M °= InH.

Figure 65. dM/dHapp versus IZHapp. After the initial jump, the slope is linear in 
applied field, indicating M °c In(Happ).

The angle dependence of 9 3M 
d(l/H) dH

shows that the slope is a decreasing function of

the angle, 6, as seen in figure 66a. Notice also from figure 66b that the average jump 

amplitude (the difference in magnetization just prior and just after the discontinuity) is an 

increasing function of 0, with an approximate form of A(0) °c I -  cos(0). Thus, with a 

decreasing slope and increasing amplitude, the frequency of the jumps is a decreasing 

function of 0. This behavior is obviously due to the Q2D nature of the material; the 

pancake flux density at any given field will scale as the cosine of the angle, 0, between 

the applied field and the direction normal to the superconducting planes. Hence, to reach
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the 2D flux densities obtained at smaller angles, one must increase the applied field 

accordingly [68].

cos(0)

Figure 66. a. Linearly decreasing angle dependence of the slope of dM/dH vs. 
1/H. b. The linearly decreasing dependence of AM, at the flux jump, on cos(0), 
indicative of the 2D nature of the vortex sheets.

In figure 67, magnetization is plotted for both the up and down field sweeps, at an 

angle 0 = 47.7°, and for temperatures of 87, 110, and 130 mK, where each set of sweeps 

has been offset for clarity. Measurements were also performed at an angle 0 = 74.6°, 

which gave qualitatively similar results to those presented here. Using a method to be 

described shortly, one can scale these measurement angles back to 0 = 0°, where the key 

material parameters can be obtained. Notice that, as the temperature is increased, the 

amplitude of the flux jumps increases also. This temperature dependence can be 

attributed to Kapitza resistance [73], which is a thermal boundary resistance due to the 

mismatch of the phonon spectra between the sample and the surrounding cryogens. This 

mismatch acts to thermally isolate the sample from the surroundings, thereby triggering 

the runaway thermal instabilities. Due to the I/T3 dependence of the Kapitza resistance
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(hence, a T3 thermal conductivity) [43], the cryogen bath is able to remove the dissipative 

heat from the sample more efficiently at higher temperatures. As seen earlier, in the 

critical state, the power dissipated from the flux flow is approximately proportional to the 

integrated square of the critical current density, q(Jc) Jjc2 dT. As the temperature is 

increased, the cryogen bath is able to remove heat from the sample at a greater rate, 

which allows a larger integrated current to build before an instability occurs. Hence, as 

the temperature is increased, the flux jumps are observed less frequently, and with a 

greater magnitude,. Note also that the magnetization is proportional to the curl of the 

screening current density integrated over the volume of the crystal, i.e..

Thus, to a first approximation, M ql/2. This agrees well with the data in figure 68, 

where the observed amplitude of the flux jumps scales with temperature as AM °= T3/2, 

where the solid line is the fit to the data.

(4.14)

C
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Figure 67. Magnetization versus magnetic field at a measurement angle of 47°, 
and at temperatures as indicated in the figure. B* corresponds to the field at 
which the net magnetization is zero -  see earlier discussion.
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As indicated by equation (4.14), the amount of dissipation within the mixed state 

depends on the sample volume through which screening currents flow. Thus, with a 

greater capacity to remove heat from the crystal to the cryogen bath, currents will flow in 

a larger volume of the sample at higher temperatures causing more flux to participate in 

each jump, hence, larger, less frequent instabilities.

4 0  6 0  8 0  I 0 0  I 2 0  1 4 0
T e m p e r a t u r e  (mil l ikeIvin)

Figure 68. AM versus temperature. The solid line is a powerlaw fit, which 
indicates that the amplitude of the flux jumps scales with temperature as AM °c

Using a simple Bean model [15, 70], one can use the remnant magnetization to 

determine the in-plane critical current density. Notice in figure 60 that, at B*, the field 

either exactly enters the entire crystal on the initial upsweep, or the total flux is exactly 

zero on the down sweeps, as well as subsequent upsweeps. In figure 67, the magnetic 

field axis is labeled at the point where the magnetization exactly equals zero on the 

upsweep. This field is given by Bean’s model as B* = l/2poJciid, where d is the diameter 

of the sample. Using d ~ lmm, and B* scaled by the method to be described in the next 

section, a critical current density of, Jcn ~ 4 x IO8 A/m2 is obtained, in very good 

agreement with previous measurements using other methods [24]. Notice that the in
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plane critical current density determined here is an order of magnitude greater than the 

inter-layer critical current density found in the previous chapter, as one would expect.

Quantum melting of the Q2D vortex lattice

hi figure 69, close-ups of the raw data shown in figure 64, are plotted in the vicinity of 

the irreversibility field II0Hirr (Birr). Notice that, for small angles (figure 69a), there is a 

definite kink in the magnetization at an angle dependent field, denoted Bm (indicated by 

arrows), just below Birr. Prior to this kink, the flux jumps decay, becoming negligibly 

small in the vicinity of the kink, while above the kink, the magnetization decreases 

smoothly into the reversible domain. At intermediate angles (figure 69b), the amplitude 

of the flux jumps is large, but the kink field is still discernable, and again is indicated 

with arrows. At the largest angles (figure 69c), the flux jumps persist up to the kink field, 

but never beyond. In fact, as the amplitude of the flux jumps becomes very large, the 

relatively small amplitude of the kink renders it unobservable. However, an abrupt 

cessation of the flux jumps is instead observed at a field whose angle dependence merges 

smoothly into the angle dependence of the kink field Bm. A plot of Bm versus angle (0) is 

shown in figure 70, along with the irreversibility line determined from these 

measurements. Notice that the irreversibility line and Bm have the exact same angle 

dependence [79]. From this one concludes that the dramatic cessation of flux jumps and 

the kink observed at lower angles are related. In fact, the abrupt cessation of the jumps at 

an angle dependent field, Bm, suggests a change in the stiffness of the vortex lattice.
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Figure 69. Magnetization versus magnetic field near Bjrr, for a. small, b. 
intermediate, and c. large measurement angles.

The solid lines in figure 70 are fits to Bjrr and Bm derived from a linear 2D Ginzburg- 

Landau (GL) theory, given by

Bc(9)sin 0 

B d

where Bc refers to either Bm or Bjrr, and the subscripts Il and I  refer to the limiting values 

of these fields with 0 = 90° and 0 = 0°, respectively [12]. Note that, a similar angle 

dependence has been found for HC2 in this same material [79]. The reduced 

dimensionality of the theory supports the assumption that the system is in the Q2D limit

+
Bc(0)cos0

B.
= 1, (4.15)
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of decoupled pancake arrays, as suggested from the JPR measurements of the previous 

chapter [24]. From the fit to Bm(0), a value for Bml = 3.6 T and Bmn = 32 T, at T = 25 mK 

is obtained. Clearly Bm(G) falls below Birr, and well below P0Hc2, in a region in the B, T 

phase diagram where no such transitions have been observed previously.

s a mp l e  1 
s a mp l e  2

A n g l e  ( d e g r e e s )

Figure 70. The irreversibility field ( ^ ) and melting field for two different 
samples: sample one (□), and sample two (•). The melting field for either sample 
falls along the 2D GL fit (solid line).

Notice also the lone data point for the second sample measured using this technique. 

This sample actually corresponds to the first attempt at this particular experiment, with a 

crystal roughly an order of magnitude larger than the size of the crystal providing the 

majority of the data. As seen earlier, the magnetization (hence, the torque) depends on 

the amount of screening current running through the sample. As this sample was much 

larger, a larger integrated current could flow, producing very large flux jumps. Hence the 

magnetic torque experienced by the sample was so large that the crystal was actually 

pulled from the cantilever. However, before the crystal was lost, data were obtained at
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one intermediate angle. The actual measurement angle was determined from the de Haas 

van Alphen quantum oscillations observed at the highest fields (see figure 71 and chapter 

one) [I I]. However, the important information gleaned from this second sample is that 

the flux jumps cease at a field, Bm(6), which falls precisely along the curved determined 

from Bm(6) of the first sample. Hence, Bm(9) is independent of sample size, geometry, 

and the exact pinning structure.

0.055 0.060 0.065 0.070 0.075 0.080 0.085 0.090
1/B ( t e s l a 1)

Figure 71. de-Haas van Alphen oscillations in k-(ET)2Cu(NCS)2. From these 
quantum oscillations, one is able to determine the measurement angle for a given 
sample.

Using two different theoretical models [69, 80], one can estimate the quantum melting 

field (Bmi) for K-(ET)2Cu(NCS)2 -  the field at which the vortices are close enough, such 

that quantum fluctuations in their positions are on the order of the inter-vortex distance, 

within a given plane. In the first model. Blatter et al. [69] considered the quantum 

statistical mechanics of the vortices at low temperatures. Using a Lindemann criterion, 

they found a T = 0 melting field of
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V J'
(4.16)

where cL is the Lindemann number (cL -  0.1 -  0.3), R q = hje1 is the resistance quantum,

and R* = p n/d  is the sheet resistance where p„ is the resistivity in the normal state, and d 

is the inter-layer distance. Using parameters appropriate for this material, one obtains a 

T = O melting field of Bmq ~ 4 T. The second method used to determine the T = O melting 

field was found by Rozhkov and Stroud [80], where they set the ground state energies of 

the Wigner crystal and a Laughlin liquid equal, then solved for the field.

(~ 2me), q the pair charge (~ 2e), Xn ~ I pm is the in-plane penetration depth, and d = 1.6 

nm is the inter-layer spacing. Again, using these accepted material parameters, one 

obtains a T = 0 melting field of Bmq = 3.6 T. Both of these models give a melting field 

which is almost exactly that obtained from extrapolation of these torque measurements to 

zero angle [81]. Thus, given the high degree of anisotropy, which renders quantum 

fluctuations important, the extremely low temperature of these measurements 

(T ~ TcZlO3), along with the proximity to the expected T = OK quantum melting field, it 

is proposed that the observed transition at Bm(0, T < 200 mK) does in fact correspond to a 

quantum melting transition between a Q2D vortex lattice and a quantum liquid phase.

The temperature dependence of Bm provides further evidence that quantum effects 

become important as T -> 0 K. Using relation (4.15) one can scale Bm(T) and Birr(T),

(4.17)

where B

v
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back to 0 = O0 (see figures 70 and 72). In this field and temperature regime, the 

irreversibility line shows a linear temperature dependence, consistent with previous 

measurements [23]. However, Bm(T) exhibits a definite negative curvature, which cannot 

be explained by any classical theory of vortex lattice melting.

Figure 72. The irreversibility and melting fields as functions of temperature. The 
irreversibility line shows a linear temperature dependence, while the melting line 
exhibits definite negative curvature, consistent with a crossover from quantum 
and thermal fluctuation induced melting (T < 0.01T J to dislocation (BKT) 
induced melting (T > 0.01 Tc).

A similar temperature dependence in the melting field was observed for a 300 nm 

thick, thin film sample of NbgGe, but never in any bulk crystalline samples [69]. To 

describe this phenomenon in two dimensions, Blatter et al. [69] extended their T = O 

calculations to include finite temperatures, by writing the melting field as a sum of two 

terms. The first is due to both quantum and thermal fluctuations in the positions of the 

vortices. At very low temperatures, this leads to a melting field with linearly decreasing 

temperature dependence. The second term is due a dislocation mediated Berezinskii-

5

0 50 100 150
Temperature (millikelvin)
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Kosterlitz-Thouless (BKT) transition (see reference [19]), resulting in a power!aw

tem perature d ep en d en ce for the m eltin g  fie ld , o f  the form : B m =  (X0H c2
Tt ,

, where

1< a  < 2. In figure 73, both of the melting lines (bmd for the dislocation mediated and 

bmq+t for the quantum plus thermal fluctuation mediated melting) are plotted in reduced 

fields and temperature, where b = BZ(Ii0Hc2) and t = TZTc, respectively. Since the 

measured melting field, bm(T), will correspond to the minimum of the two curves, the 

inset to figure 73 indicates that for T ~ TcZlOO, there should be a crossover in the melting 

mechanism. This crossover, results in a melting of the flux lattice at a field less than Hc2, 

which can only be explained with the inclusion of quantum fluctuations.

0.02

o 0.2 0.4 0.6

Figure 73. Predicted B-T phase diagram for 2D superconducting systems. Notice 
at T -  TcZlOO, there is a crossover in the melting mechanism, resulting in a 
melting field below (X0Hc2, from [69].
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Since this crossover phenomenon consists of changing from a linear to powerlaw 

temperature dependence, one should expect a large, negative curvature in the melting line 

in the vicinity of the crossover temperature. As mentioned above, the temperature 

dependence of the melting line obtained from the cessation of flux jumps (figure 72), 

clearly exhibits a negative curvature, and intercepts the field axis well below ji0HC2 

(~ 5 T). Interestingly, the greatest curvature also occurs at a temperature of roughly 

T ~ TcZlOO. Clearly more data is needed for this low temperature regime, and several 

experiments are planned for the near future to determine the melting line in the 

intermediate portion of the B-T phase diagram.

Finally, as with any phase diagram, it is important to determine the order of the 

transitions, i.e., whether the melting is a first order, with a latent heat (magnetization), or 

a continuous second order transition. It is predicted that the melting of the flux lattice 

should be first order all the way down to zero temperature as long as the vortex lattice is 

free of defects [19]. In the dirty limit, where the vortex solid is no longer a regular lattice 

structure, but rather a vortex glass due to defects and/or strong pinning, it is expected that 

the melting transition then becomes second order, upon reaching a critical point in the 

high BZlow T limit [19]. Hence, studies of this type are quite important in determining if 

there is, in fact, a high BZlow T critical point in k-(ET)2Cu(NCS)2. The pronounced 

hysterisis observed in Bm could be taken as an indication of a first order melting, as could 

the kink in M observed at moderate angles. In fact, for several traces, the kink appears 

almost as a discontinuous jump, indicative of a latent magnetization (see the 52.2° and 

56.7° traces of figure 69b). However, as these effects are not seen on all traces, it is quite 

difficult to determine the order of the transition at this time. As many factors could
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contribute to the hysterisis, it is not clear at this point if the transitions on the up and 

down sweeps are of the same order. Since the approach from low field is preceded by a 

series of catastrophic flux jumps and temperature spikes, this could lead to disorder and 

frustration within the vortex state. Dislocations in the flux lattice may play a role in the 

upsweep melting, though the extreme quality of the samples should rule out plastic or 

glassy type behavior. On the down sweep, the approach from high fields simply involves 

a transition from a weakly pinned liquid state to an ordered Q2D vortex lattice. Hence it 

is plausible that the transitions on the up and down sweep are of different thermodynamic 

order. At this time it is not possible to determine the order of the phase transition 

precisely. Clearly further experiments are required in this B-T range to decipher such 

information.

Conclusion

In this chapter, the primary interest was in the strong interactions and dynamics of the 

Q2D pancake vortices in each layer. Cantilever torque magnetometry was used to 

measure magneto-thermal instabilities, in the form of flux jumps. These jumps in 

magnetization were due to the abrupt change in the screening currents found in the 

critical state. At extremely low temperatures, where these measurements were 

performed, a thermal boundary resistance caused an isolation of the sample from the 

surrounding cryogen bath. This isolation allowed hot spots to form within the crystal, 

created by the dissipative flow of current through the dynamic mixed state, thereby 

forming instabilities. These instabilities created temperature spikes, which caused 

macroscopic portions of the sample to enter the normal state, thereby allowing flux to
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catastrophically avalanche in to the crystal interior. At an angle and temperature 

dependent field, Bm(T, 0), an abrupt cessation of these jumps was observed, which is 

associated with a change in the stiffness of the vortex state. The only plausible 

theoretical model for this behavior was one of quantum melting at the lowest 

temperatures, which crosses over to thermally assisted melting at elevated temperatures, 

Tcr ~ Tc/100. It was also noted that the angle dependence of the melting field gave a 

remarkable fit to the Q2D GL theory,. again confirming the two dimensional nature of 

these layered materials.

With this low T/high B data, one can construct the B-T phase diagram for this 

particular superconductor. This is actually a very important endeavor, since this material 

has many similarities to the HTS, which may yet prove invaluable for technological 

purposes. Thus in figure 74, the almost complete phase diagram for k-(ET)2Cu(NCS)2 is 

plotted. On this diagram, data have been included from: muon spin rotation experiments 

(A ), which allow for the determination of the crossover from a 3D flux line lattice, to a 

Q2D pancake lattice [49]; local magnetization data (□ ) aimed at determining the 

discontinuous step in magnetization upon crossing the solid to liquid transition at high 

temperatures (T ~ Tc) [62]; the JPR data from chapter three (o), which determined a 

transition in the vortex structure at moderate fields and temperatures [24]; the 

irreversibility line (v ) determined by our group at low T [51], and by others at high T 

[59, BI]; HC2 (O) obtained from the literature [79]; and the magnetization measurements 

performed here (o). At this point, it is tempting to connect the low T data to the moderate 

and high temperature data obtained here and by others. However, as mentioned in
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chapter three, the transition observed by JPR may either be melting or thermally assisted 

depinning.

CO. 01

3D flux line lattice

9 10 11
Temperature (kelvin)

Figure 74. The almost complete temperature/field phase diagram for the organic 
superconductor, k-(ET)2Cu(NCS)2. Nearly the entire mixed state is in either a 
Q2D vortex lattice or the vortex liquid state.

Clearly, the key to resolving these issues lies in the area circled in figure 74. If the 

melting transition can be measured in this range, one should be able to construct a 

complete phase diagram. This would allow a determination as to whether the transitions 

observed with JPR and magnetization are both melting of the Q2D flux lattice. Also, as 

mentioned previously, determination of the order of the phase transition will also be a 

priority for further experiments. Nevertheless, using this extraordinarily sensitive 

technique, a melting of the Q2D vortex lattice induced by quantum fluctuations has been 

observed. As this has never been seen before in any bulk superconductor and
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observations of quantum phase transitions are rare, this is indeed an important 

experimental result.

j
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SUMMARY AND CONCLUSION

This chapter will serve to summarize the results of the work described in this thesis, as 

well as discuss the overall themes, which pertain to quasi-two-dimensional (Q2D) 

superconductors. Also, the superconducting mixed state phase diagram of 

k-(ET)2Cu(NCS)2 will be pieced together. Finally, it will conclude with suggestions for 

future experiments, which should fill in the remaining gaps in the present understanding 

of layered organic superconducting materials.

Summary of Results

, The majority of chapter two detailed the instrumentation and measurement techniques 

developed for high frequency electromagnetic investigations of low dimensional 

conductors and superconductors within a magnetic field [20]. It was shown that the 

sample probe, which was developed at MSU, has been designed for the highest possible 

sensitivity, allowing for measurements of extremely subtle effects. It was also shown 

that the modularity of the probe design allowed for use in different magnet systems, 

including those at the National High Magnetic Field Laboratory (NHMFL). The last part 

of that chapter detailed the experimental setup for the cantilever beam torque 

magnetometry (CBTM) measurements performed in chapter four. There it was shown 

that at millikelvin temperatures, the only viable option for sensitive magnetization 

measurements was the method of CBTM [42].

In chapter three, the high temperature/low field (1.5 -  10 K/0 -  2 T), mixed state of 

the organic superconductor, K-(ET)2Cu(NCS)2, was investigated using the microwave
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cavity perturbation technique [24]. In this field and temperature regime, the observed 

microwave response of the system was dominated by the resonant tunneling of Cooper 

pairs between the superconducting layers of the material. It was shown that by following 

this Josephson plasma resonance (JPR) as a function of temperature, field, and frequency, 

one could measure the average vortex ordering within the mixed state. This was because 

the JPR frequency was found to depend explicitly on the quantity,

COp2 = topo2«cos(pn,n+i>t>d, where CO2 = -- - --, J0 is the zero field critical current density

along the least conductive axis of the crystal, and « . . . > t>d indicates the temporal and 

disorder averages of the cosine of the gauge invariant phase difference of the order 

parameter between layers n and n+1. Since the quantity, «cos(pn,n+i>t>d, depends on the 

linearity of the vortex stacks, one could then determine the vortex structure [46].

By measuring the field at which the JPR occurred at constant frequency and then, 

varying the temperature, it became clear that there were two separate regimes with 

different temperature dependencies. Performing these measurements over a wide 

frequency range, thereby following the crossover from one behavior to the other, as a 

function of frequency, one could accurately map out the phase boundary in the field- 

temperature phase diagram [24]. Complementary measurements on this same material 

performed by others [49, 62], indicated that the two distinct regimes measured here, 

corresponded to a rigid Q2D vortex solid and a highly mobile vortex phase. 

Unfortunately, the exact nature of the vortex system in the mobile phase could not be 

determined using this microwave technique. However, as it is well known that above the 

irreversibility line the system is a highly mobile pancake liquid, it is likely that the phase
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between the crossover line and the irreversibility line is either a vortex liquid with strong 

remnant pinning, or a vortex slush with plastic flow of large flux bundles. Of course, 

these two phases are quite similar with the subtle difference being the size of the 

correlated flux bundles pinned in the mobile vortex phase [19]. As no one else had been 

able to determine the flux lattice melting line in this regime of B-T parameter space, this 

proved to be an important result.

The exact field dependence of the JPR frequency was also determined above and 

below the crossover line on the phase diagram. Comparison of these results with current 

theoretical models suggested that above the crossover line, the system is well described 

as a vortex liquid [63], and below the crossover line, the data indicated that the system 

was well defined as a week to moderately pinned Q2D vortex solid [65]. Hence, the 

results presented here are well described by the currently available models, which 

describe such systems.

The above results served as motivation for determining the melting of the Q2D flux 

lattice over different portions of the B-T phase diagram. Thus, in chapter four the low 

T/high B (0.025 -0.300 K/0 -  20 T) phase space was investigated using CBTM [51]. 

Here, extraordinary magneto-thermal instabilities in the form of flux jumps were 

observed. These jumps were then characterized as functions of temperature, and angle 

between the applied field and the direction normal to the superconducting planes [68]. 

This analysis revealed that the 2D nature of the superconducting system results in a flux 

jump amplitude that scales with the cosine of the angle, and that the jumps are due to the 

thermal isolation between the sample and the surrounding cryogens known as Kapitza 

resistance [43].
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The most important feature of these experiments was the observation that at fields just 

short of the irreversibility line, the flux jumps ceased abruptly, and the magnetization 

became a smooth function of field. This cessation of flux jumps indicated that the 

stiffness of the Q2D flux lattice had changed, and from analysis of the angle and 

temperature dependence, was determined to be a melting of the Q2D vortex solid into a 

pancake liquid [51]. However, due to the extremely low temperatures at which these 

measurements were performed, the melting mechanism had to be quantum fluctuations in 

the positions of the vortices due simply to the vacuum energy. Hence, this experiment 

provided the rare opportunity to observe a near-zero temperature phase transition due 

strictly to quantum fluctuations.

General themes for 02D superconductors

Combining the results of chapters three and four, allows one to piece together the 

superconducting mixed state phase diagram of k-(ET)2Cu(NCS)2, as seen in figure 75. 

Although this seems a rather specialized case, this material has many similarities to other 

layered superconductors, most notably the high temperature superconductor (HTS) 

Bi2Sr2CaCu20g+g [66], which may yet have technological applications. The beauty of 

working with the organic superconductors as opposed to the HTS, is the availability of 

the entire mixed state phase diagram with conventional DC magnets and cryogenic 

systems. Whereas the critical fields may be several hundreds of tesla for the HTS, for the 

field aligned within the superconducting planes, it is only ~ 33 T for k-(ET)2Cu(NCS)2, 

well within reach at the NHMFL DC facility. Therefore, the physics learned from the 

material studied in this thesis can also be applied to those with unattainable regions
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within their phase diagrams. Also, the extremely high purity with which these materials 

form, i.e., the lack of metallurgical defects allows one to study the ultra-clean limit of 

highly anisotropic superconductors [2], Again this makes a nice complement to the HTS, 

as they are usually doped ceramics with a high degree of disorder [I].

Co. 01

3D  flu x  line lattice

9  10  11

Temperature (kelvin)

Figure 75. The mixed state phase diagram of K-(ET)^Cu(NCS)Z. See chapter four 
for details.

Future Experiments

As mentioned above, there are still several gaps within the present understanding the 

mixed state phase diagram of K-(ET)zCu(NCS)2. Most notable, is the circled region in 

figure 75. This region corresponds to a temperature of ~ 300 mK -  2 K, and magnetic 

fields of - 0 . 5 - 5  T. Perhaps the best way to probe this region of the phase diagram 

would be to extend the JPR measurements to higher frequencies and lower temperatures. 

This goal should be attained within the next year with the acquisition of new microwave 

sources (200 -  600 GHz), and a 3He cryogen system (~ 300 mK -  300 K). At lower
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temperatures, the CBTM measurements should also be repeated for this same material, 

but in the 33 T resistive magnet rather than the previously used 20.T superconducting 

magnet. For these experiments, one should carefully measure the magneto-thermal 

instabilities all the way to an angle of 90°, and should carefully remeasure the 

temperature dependence of the melting transition, using small temperature increments 

giving more data points. Also, local magnetization measurements can be performed 

using micro-Hall devices, which should help determine the thermodynamic order of the 

melting of the Q2D vortex lattice at these high fields and low temperatures, i.e., a first 

order melting should have a discontinuous (latent) magnetization at the transition.

It is clear from the above discussion, that much remains to be done to obtain the 

complete phase diagram of k-(ET)2Cu(NCS)2. However, successful completion of the 

suggested experiments should allow for a thorough understanding of the mixed state 

properties of Q2D superconductors within an applied magnetic field.

\
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