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Abstract

This master’s thesis contains experiments in two different areas of solid state
physics: the interaction of light with superconductors and the Bose-Einstein
condensation in magnetic dimer systems. However, they do have one impor-
tant aim in common: Trying to change, or better: increase, the temperature
at which the corresponding phase transition occurs.

In the first part photoinduced conductivity in thin films of the material
Bi2Sr2Ca2Cu3O10+x (BSCCO-2223) was examined. While photoconductivity
has been mainly a topic of superconductor research during the 1990s, the
explanation for the effect is still under some debate. The work done for this
thesis was intended to shed some light onto these issues.

Different types of light sources, most of them lasers, were used and a wide
range of wavelengths was covered. We found that our films of BSCCO show
a photoinduced decrease in resistance in the range between 0.1% and 1%,
which corresponds to a shift in Tc of a few mK. The minimum wavelength
required for an effect to be observable is approximately 900 nm. However,
there is no clear cut, instead the effect rather gets weaker and fades away
for larger wavelengths. Intensity dependent measurements show a behaviour
contradicting other published results and cannot be explained at this point.
From temperature dependent measurements we concluded that the critical
temperature plays an important role, as a different behaviour can be seen for
lower and higher temperatures and the largest decrease in resistance upon
illumination is observed at Tc. Measurements with X-ray photons show a
much longer time scale of the decrease in resistance on the order of a day as
compared to visible wavelengths for which the time scale is approximately
one hour.

The occurrence of Bose-Einstein condensation in magnetic dimer systems
has been the focus of intense research in recent years. This thesis focuses
on the effect of disorder in such systems. The main research was done using
TlCuCl3, but samples of Sr3Cr2O8 and Ba3Cr2O8 were examined, too.

The irradiation of TlCuCl3 with electrons did not result in any measurable
effect of interest, however the irradiation with neutrons seems to have an
effect that goes beyond simple uncertainties in the measurement.
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Part I

Photoconductivity in
Superconducting BSCCO Films
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Chapter 1

Scientific Background

1.1 Overview
Photoconductivity in superconducting materials is an interesting phenome-
non. It arises when light interacts with a superconductor in ways that lower
its resistance. Two different kinds of photoconductivity can be distinguished:
persistent photoconductivity and transient photocondutivity. In materials
showing persistent photoconductivity, irradiation with light lowers the resis-
tance to a level where it stays even after the light is turned off. Relaxation
towards the original resistance only occurs at high temperatures.

It has been known for a long time that conventional superconductors
react to light irradiation with an increase in resistivity, even destroying it
completely in thin films [1].

After the discovery of high-Tc superconductors [2], these were quickly the
target of similar investigations. In high-Tc superconductors in most cases the
resistance decreases with illumination causing a shift of Tc to higher temper-
atures. This increased hopes in finding a room temperature superconductor,
but to this day a Tc of ≈ 133 K (measured without any illumination) is still
the maximum Tc ever found at ambient pressure [3].

1.2 Photoconductivity in High Tc Supercon-
ductors

1.2.1 Introduction
A vast number of different high-Tc superconductors has been investigated
for their photoinduced resistance changes. The interest in this effect is in
part due to the fact that a theory explaining high-Tc superconductivity is
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still not in sight and results from such measurements might give an insight
into the mechanism of high-Tc superconductivity. Another motivation to
examine these materials are different types of applications, for example of the
Josephson effect [4] or radiation detectors [5] that follow a similar mechanism
as in superconducting nanowire single-photon detectors [6].

Oxygen deficiency is one important prerequisite for a high-Tc supercon-
ductor to exhibit photoconductivity. Fully oxygenated films, such as the
material PryGd1-yBa2Cu3O7, show no sign of photoconductivity [7].

As in most other subfields of superconductivity, YBCO is one of the most
extensively researched materials. Similar to low-Tc supercondutors, light can
increase the resistance of the cuprate YBa2Cu3O7 thin films by breaking
Cooper pairs. This is, however, only true for short time scales [8].

More interesting than an increase is a decrease in resistance. This has
been shown to work exceptionally well for sufficiently large intensities [9].
Further investigations on YBa2Cu3Ox show the doping dependence of the
photoconductivity with a stronger relative decrease of resistance for lower
x [10]. The authors of this publication report a shift of 5 K in Tc for x = 6.55.
The same authors report an increased Hall coefficient, indicating a higher
carrier concentration, as well as an increase in mobility of the carriers [11].
Even the transition from semiconducting to superconducting YBCO can be
achieved by exposure to light [4]. The critical current density can also be
enhanced, as shown by Dmitriev et al. [12].

An important feature in YBCO-123 is the presence of CuO chains. An
example of a material without such chains is Tl2Ba2CuO6+δ. The effect
measured here is very small, less than one percent for the resistance [13].
It is also interesting that either a decrease or an increase in resistance is
observed in Tl2Ba2CuO6+δ depending on wavelength.

1.2.2 BSCCO
The discovery of superconductivity in Bi-Sr-Ca-Cu-O, short BSCCO, was
made in 1988 by Maeda et. al. [14]. The chemical formula for this material
type is Bi2Sr2Can-1CunO2n+4+x. The films used in our experiment were of the
n=3 kind, so they have the chemical formula Bi2Sr2Ca2Cu3O10+x, which was
discovered by Tallon et. al. in 1988 [15]. The difference between the different
materials of this type is the amount of CuO2 planes in the structure.

One important difference in the structure of BSCCO and YBCO are the
CuO chains. YBCO has chains of copper and oxygen next to the CuO2
planes. BSCCO does not have any such chains.

Some research on BSCCO has already been conducted in the material
Bi2Sr2CaCu2O8+δ, however no photoconductivity has been observed [16].
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The material Bi2Sr2Ca1-xYxCu2O8+δ on the other hand does show the effect,
albeit not the persistent kind, i.e. it relaxes back even at low temperatures.

1.3 Possible Explanations
The main structure that all cuprates have in common are CuO2 planes sep-
arated by different kinds of interlayers. Some of the explanations for photo-
conductivity thus target those planes.

Measurements of the relaxation times have shown that they coincide with
relaxation times for oxygen ordering [17]. Therefore, oxygen ordering has also
been suggested as a possible explanation. In GdBa2Cu3O6.3 photons with an
energy of 4.1 eV lead to a particularly strong decrease in resistivity [18]. This
energy corresponds to an electronic transition in a copper atom in the CuO
chains with oxygen vacancies on both sides. The electron can get trapped
in an oxygen vacancy and the hole can enter the valence band in the CuO2
plane, which has a lower energy than the valence band of the CuO chains.
Photons of lower energies can only excite electrons in the CuO2 planes. The
excited electrons as well as the holes created this way stay in the CuO2
planes. This makes them more likely to recombine again. It has earlier
already been suggested that the electron trapping is due to a local structural
change that creates an energy barrier [19]. The model of electron trapping
is also supported by the results showing stronger induced photoconductivity
for lower oxygen content, i.e. more vacancies.

Experiments with X-rays in YBa2Cu3O6 have shown photoconducting
effects, too. The interpretation is that the X-ray photons induce damages
in the material in the form of oxygen vacancies that act as traps for elec-
trons [20]. Photoassisted oxygen ordering has been suggested to be the cause
of photoconductivity by increasing the chain length and thereby increasing
the doping [21]. A possible explanation for photoconductivity in materials
without CuO chains is that electrons are trapped in other types of defects.

To summarize, most given explanations target the oxygen atoms in the
chains in different ways, while their absence in form of an oxygen vacancy is
usually emphasized.
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Chapter 2

Experimental Setup

2.1 Cryogenics and Electronics
The BSCCO samples were attached to a copper sample holder with Silver
Paint or Apiezon N. Silver paint turned out to be beneficial because it was
more reliable in holding the sample in place over prolonged periods and
provided a better thermal contact to the sample holder.

A Pt-100 thermometer was attached to the copper sample holder on the
side opposite to the sample. This thermometer was used to control the heater
by means of a PID controller. The precision of the temperature control was
1 mK for temperatures around 100 K.

The cryostat which was used for cooling the sample is capable of cooling
down to ∼ 0.3 K with 3He, however, the cooling was achieved with liquid
nitrogen only, since for our material Tc (≈ 105 K) is well above 77 K. This was
a simple way of saving costs on expensive helium and making the handling
easier.

The vacuum shroud contains an exchangeable window, since different
materials are transparent at different wavelengths of light. The heat shields
inside the vacuum all have holes to achieve a direct unobstructed path from
the light source outside to the sample inside.

The resistance was measured by the four point method. The dc current
was kept constant by a Keithley current source. The voltage was measured
with a nanovoltmeter. For each measurement point the current direction was
reversed and the average resistance of the two directions was taken to reduce
the effects of thermal electromotive forces.
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2.2 Sample
The samples used in our experiments were made by Akiyoshi Matsumoto and
Hitoshi Kitaguchi at the National Institute for Materials Science in Japan.

As described in ref. [22] the BSCCO films were grown on SrTiO3 sub-
strates by RF magnetron sputtering. The substrate temperature during
the 2.5 h of sputtering was 620 ◦C and the pressure was 50 Pa of pure O2.
The target pellets for sputtering were made from oxide powders by means
of heat treatment at 835 ◦C for 10 h and subsequent pressing and sinter-
ing at 840 ◦C for another 10 h. The targets then had a composition of
Bi1.5Pb1.0Sr2.0Ca2.5Cu3.0Ox.

After the sputtering, the samples were annealed at 840 ◦C for 100 h to-
gether with pellets composed of Bi1.7Pb0.3Sr2.0Ca2.0Cu3.0Ox in an atmosphere
composed of O, Pb, and Bi. The post-annealing was done at 450 ◦C for 10 h
in a pure oxygen atmosphere. The addition of a small amount of Pb improves
the superconducting properties and stability of the material.

The sample thickness is ≈ 300 nm. Length and width are both ≈5 mm.
The electrical contact was established by evaporating 2 nm of chromium and
50 nm of gold in four small stripes on the film, thermally annealing the sample
at 400 ◦C in an O2 atmosphere for 20 min, and subsequent bonding onto those
stripes.

2.3 Light Sources
For this work multiple light sources were used. A red laser diode, three
different fibre lasers, a quantum cascade laser, and an x-ray source. For
the working principle of the laser diode and the x-ray source, which will be
known to most of the readers, we refer to any introductory text book and/or
the internet. The two more uncommon laser types, the fibre laser and the
quantum cascade laser, are explained in the following.

2.3.1 Quantum Cascade Lasers
The first quantum cascade laser (QCL) was built at the Bell Laboratories in
1994 by J. Faist et al.[23]. These lasers are built out of quantum semicon-
ductor structures, mainly InGaAs and InAlAs, by means of nanostructuring,
such as MBE. Photons are emitted when electrons propagate trough multiple
potential drops. Those steps in the potential can be seen as coupled quantum
wells, hence the word ’quantum’.
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The electronic states are strongly influenced by the quantum confinement
perpendicular to the layers leading to discrete energy states. Parallel to the
planes, however, they follow an almost parabolic shape. Unlike semiconduc-
tor lasers with bands of opposite curvature, QCLs have the bands curved in
the same direction, making the energy distribution of the transition much
narrower.

Figure 2.1: Simplified sketch of the energy levels in a quantum cascade laser.
The potential is drawn in black, the path of the electron in grey. The electrons
decay from the high energy state (red) into the lower energy state (blue) by
emission of a photon (brown). By emitting a phonon the electrons decay into
the lowest energy state (green), from which they tunnel to the high energy
state of the next quantum well.

Electrical pumping to initiate population inversion is achieved by compo-
sitionally graded layers in between the active regions. The initial sawtooth
shape of the potential wells changes to a staircase shape after an electric
field of the order of 105 V cm−1 is applied. Electrons then enter the excited
states in the wells by tunnelling from the graded regions. The tunnelling rate
through this barrier is extremely fast, thus leading to a rapid filling of the
excited state. While the laser is not yet lasing, the relaxation to the ground
state happens very slowly. From the ground state the electrons tunnel, again
relatively fast, into the next excited state in the well further down. In real-
ity there is often an intermediate energy level in which the electrons fall by
emission of a photon. From this level they then relax to the ground state
before leaving this quantum well and entering the excited level of the next
one. The energy of this last transition is tuned in such a way to ensure fast
relaxation by means of phonons. Figure 2.1 shows the path of the electrons
in the quantum well structure.

The slow relaxation time in comparison to the tunnelling time causes
the population inversion necessary for lasers. During the laser operation,
in the steady state, the rates of electrons entering the quantum well, the
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rate of electrons undergoing stimulated decay, and the electrons leaving the
quantum well is equal.

The QCL used for our experiments was able to emit radiation in the mid-
infrared between 6 µm and 10 µm. The radiation was pulsed and the time
between pulses could be set between 608 ns and 60.8 µs.

2.3.2 Fibre Lasers
Fibre lasers are a class of lasers that can achieve a very high bandwidth of
wavelengths. The gain medium in these lasers is an optical fibre doped with
rare earth elements [24]. In order to construct a laser resonator, the ends of
the fibre need to be some kind of reflector. The pumping of fibre lasers is
often done with laser diodes.

An important means to achieve the high bandwidth in these lasers is
the so called supercontinuum generation by using nonlinear optics [25]. The
medium which is used is a photonic crystal fibre. The light confinement here
is achieved not by different materials with different refractive indices but by
microstructured holes inside the fibre.

The rare earth dopants exhibit Stark splitting and are thus able to absorb
and emit light with various wavelengths. These wavelengths then undergo a
variety of processes such as Raman scattering, soliton dynamics, self-phase
modulation, and four-wave mixing to broaden the spectrum until the super-
continuum is achieved [26].

To be able to conduct measurements with only one wavelength, so called
acousto-optic tunable filters can be used [27, 28]. These filters have multiple
channels per crystal and can be tuned to emit wavelengths within one octave.
Two crystals were installed side by side in each of the two devices we received
for testing. The two crystals cover two different wavelength regions, and, due
to having two different exits, cannot be used simultaneously.

The working principle of acousto-optic tunable filters is based on acousto-
optic diffraction in an optically anisotropic medium [29]. Acoustic waves,
entering the crystal through a piezoelectric transducer driven by an electrical
RF-signal, give rise to wavelength selective scattering by inducing variations
in the refractive index of the crystal that act as a Bragg diffractor. An
incoming light wave can, with the correct acoustic frequency, be reflected as
a light wave orthogonally polarized to the initial one. The k-vector of the
incident photon and the phonon then add up to the k-vector of the outgoing
photon.

There were three different fibre lasers in use. Two were testing machines
and the third one was the laser that was finally bought. One of the testing
machines was from Fianium and the other one from NKT Photonics. The
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laser from Fianium was found difficult to handle, both software- and hard-
ware-wise. A big issue were back reflections into the laser during the beam
alignment which caused its immediate shut down. The laser from NKT Pho-
tonics proved to be much more reliable and easier to use, which is one of
the reasons why the decision was made to buy a laser from this company.
However, no AOTF was bought and a grating monochromator was utilized.

One crystal of the AOTF of the Fianium laser was operating in the entire
visible range. The second one, which was not used, in the infrared. The first
crystal of the NKT laser was operating between 640 nm and 1100 nm. The
second crystal at even longer wavelengths was not used either.
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Chapter 3

Measurements

To make this chapter more understandable, a time line of the light sources
and samples used will be given in the following. The first sample was used
initially with the laser diode. Subsequently the Fianium fibre laser was used
for a few measurements before switching to the quantum cascade laser. At
this point the resistance of the sample had increased more than tenfold, which
resulted in the replacement of the sample by a new one. This sample was then
used for the rest of the measurements without showing a degrading like the
first film experienced. All experiments were then performed with the rented
NKT laser, except the temperature dependent measurements, which were
done using the NKT laser that was bought by us. The last measurements
performed were the x-ray measurements. In the following sections the results
are grouped by light source instead of chronologically.

3.1 Resistance vs Temperature
The R(T ) measurement of the second film is shown in figure 3.1. A zoomed
version can be seen in figure 3.2. If we take the center of the S-shaped part as
the critical temperature, we find Tc = 105 K. This is more clearly seen if one
considers the derivative of the resistance with respect to the temperature.
The maximum can be taken as a measure of Tc.

The second film had an equivalent curve, but due to the degradation of
the film over time, the resistance increased gradually.
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Figure 3.1: The R(T )-curve for the second film. It follows the expected shape
with a linear decrease of R as T decreases down to temperatures close to Tc
(black dashed line), where it falls off to 0 Ω.
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Figure 3.2: This graph shows in blue the same R(T) curve as figure 3.1
zoomed to the region around Tc. The green line shows the derivative, the
black dashed line indicates Tc at 105 K
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3.2 Laser Diode
A red laser diode was used to conduct tests with intensities on the order
of a few mW/cm2. A problem with this diode was the instability of the
emitted intensity, which changed over time, especially in the short period
after turning it on, where self-heating causes the temperature of the diode
to increase, which has an influence on the diodes efficiency. To circumvent
at least the initial, large change in intensity, a non-transparent object was
placed in the beam instead of switching it off.
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Figure 3.3: The change in resistance on illumination with red light at a
temperature of 92.4 K. The solid lines are fits according to function 3.1.

In figure 3.3 such a measurement is shown. After switching the laser on
a small jump occurs after which the resistance drops. When switching the
light off a jump in the opposite direction occurs which is now followed by a
regeneration towards the initial resistance. Both the decrease as well as the
regeneration can be described by

R(t) = R0 exp
((

t

τ

)β)
+R∞. (3.1)
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Rj [mΩ] R0 [mΩ] τ [min] β ∆R [mΩ]
during illumination 1.8(1) 8.54(1) 6.24(1) 0.624(1) 6.7(1)
after illumination 1.9(1) 8.33(3) 6.5(4) 0.411(1) 6.4(1)

Table 3.1: The values for the fitted functions from figure 3.3.

Equation 3.1 is a stretched exponential function, also known as the Kohl-
rausch function. One way to interpret this function is the occurrence of
multiple independent exponential processes. In figure 3.3 the two solid lines
are fits of the data to equation 3.1. Apart from a small overshoot at the
start the data is described exceptionally well. This stretched exponential
behaviour has been observed in almost all experiments on photoconductivity
by any research group.

Time

R
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ce Rj

Ri

R∞

∆R
R0

light on light off

Figure 3.4: The explanation of the different values used to describe the R(t)
measurements. Ri is the initial resistance before turning on the light. Rj is
the jump height after turning on the laser. R0 is the amplitude of the decaying
resistance. R∞ is the resistance that would be reached after an infinitely long
irradiation. ∆R is the difference Ri − R∞. It is positive if R∞ < Ri and
negative otherwise.

The parameters of the fitted functions in figure 3.3 are shown in table 3.1,
their meaning is explained in figure 3.4. The values during and after illu-
mination are roughly the same except for β which leads to the regeneration
being more elongated than the decrease.
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3.3 Quantum Cascade Laser
Further Experiments were performed with a quantum cascade laser. This
laser sets itself apart from other systems by emitting radiation in the mid-
infrared between 6 µm and 10 µm. To let radiation of these wavelengths pass
into the cryostat, the window was replaced by a germanium window, which
is non-transparent to visible light but transparent to longer wavelengths.
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Figure 3.5: A measurement with the quantum cascade laser. This measure-
ment was performed with λ = 6.9 µm and T = 103 K. A jump in the re-
sistance occurs when switching on the laser. Continued irradiation seems to
have no effect on the resistance. When switching the laser off, the resistance
drops back to the original value.

We conducted measurements with different intensities and wavelengths.
Figure 3.5 shows a measurement with λ = 6.9 µm, T = 103 K, and a period
of pulses every 6.08 µs, which corresponds to a repetition rate of the pulses of
164 kHz. Further measurements were done at the same wavelength but with
pulses every 608 ns and every 60.8 ns.
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No photoconductivity could be observed in any of the measurements with
the quantum cascade laser. The jumps appearing when the laser is turned
on or off are consistent with a simple heating of the film, as deduced from
the linear dependence of the jump height on the power of the laser. Besides
these jumps, no other influence of the laser could be detected.

The intensity is not known since the photodiodes that were available do
not work at such long wavelengths. There are more reasons to why the
light intensity on the sample was difficult to estimate. First, the different
shieldings were not aligned perfectly, making only a smaller part of the film
visible and only with a slight angle with respect to the normal of the window,
which made it hard to adjust. Second a laser beam of such high wavelengths
is invisible to the naked eye and to infrared cameras as well. Third, the
window where the beam enters the cryostat was made of germanium, which
is nontransparent to the human eye. For all these reasons it was unknown
which part of the film was illuminated and what the ratio of unilluminated
to illuminated area was.

One should also notice the high resistance in figure 3.5. For this laser we
had to exchange the window and thus heat the sample to room temperature
and afterwards cool it again. This process must have had a strong negative
effect on the film and caused this increase in resistance. The film was replaced
with a new one afterwards.

3.4 Fibre Lasers
The lowest wavelength for which a measurement with laser light was per-
formed was 488 nm, which is in the blue region. For this the optical crystal
of the AOTF for the Fianium laser was used. Figure 3.6 shows this measure-
ment. The points in time when the laser was turned on and off can be seen
easily due to the spikes in the resistance.

Measurements were also performed with green and red light and they
both show the photoconductivity too. The laser then had to be sent back,
as the testing period was limited. It helped us, however, to confirm the
occurrence of photoconductivity up to the blue wavelength region.

We then progressed with the test laser from NKT photonics. One issue
here was that the AOTF could only emit light with wavelengths down to
640 nm. The repetition rate of the first NKT laser was 78 MHz. With an
additional option it would have been possible to choose other repetition rates.
However, this option was not installed in the test device we received. The
second laser we received had this option installed.
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Figure 3.6: Here a measurement with λ = 488 nm and T = 103 K is shown.
The beginning of the irradiation after about 5 min and the end after 44 min
can clearly be seen based on the jumps. Due to a small signal to noise ratio,
the data was smoothed over 31 points by a running average.

For the measurements with this laser, the sample was exchanged due to
the large increase in resistance. After removing the old sample it was noticed
that the film and the surrounding areas on the sample holder were covered
with a greyish deposit. We did not find out what caused these problems and
they did not occur again with the new film.

This laser was used to measure the dependence of the photoinduced effects
on the intensity of the light. The temperature was chosen in such a way that
the position on the R(T )-curve is around Tc. For these measurements the
temperature was fixed at 105 K and the wavelength was set to 650 nm. This
particular wavelength was chosen for multiple reasons: First, red light is
visible to the eye and one can thus visually confirm the operation of the
laser. Second, the effect was found to work at least down to blue light and
up to ≈ 900 nm, making red a reasonable choice in the middle. Third, the
AOTF crystal could operate for wavelengths as low as 640 nm, so with 650 nm
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one is not yet right at the edge of the possible wavelength range. This would
prevent a possible decrease in intensity and other negative effects that could
occur at the very limit of wavelengths that the AOTF could transmit.
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Figure 3.7: The R(t) curve including its fit according to equation 3.1 for λ =
650 nm with a power of 65 µW. The part of the green line extending beyond
the red points indicates the predicted continuation of the red points had the
laser been left on.

An example of a measurement with this laser is shown in figure 3.7. The
function 3.1 used to perform the fits agrees to the data very well. There is
also almost no overshoot right at the beginning.

The dependence on intensity is shown in table 3.2. The spot size of the
laser is not known precisely, hence the power is given as it was measured with
a photodiode. We estimated the spot size to be approximately 1 mm2. Some
of the measurements did not run as expected and many problems occurred,
such as temperature instabilities and jumps in resistance. The measurements
shown, however, did run in an acceptable way. The setpoint is the power level
that one can adjust in the laser control software and it corresponds to the
output intensity, though it does not scale linearly, i.e. 20% is not half the
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Setpoint [%] Power [µW] Rj [mΩ] R0 [mΩ] τ [min] β ∆R [mΩ]
25 9.87 0.064(5) 0.150(5) 4.7(2) 0.71(4) 0.086(2)
26 15.9 0.118(9) 0.415(7) 62(2) 0.55(1) 0.293(5)
27 22.7 0.20(2) 2.3(5) ∼2× 103 0.35(1) 2.1(5)
29 41.5 0.22(2) 0.64(2) 42(3) 0.5(1) 0.42(1)
30 51.7 0.43(2) 0.58(2) 7.5(5) 0.24(2) 0.15(3)
31 65.6 0.72(8) 1.61(6) 2.2(3)× 102 0.307(7) 0.89(5)
32 85.2 0.70(1) 0.69(1) 8.4(2) 0.500(9) −0.01031(5)
33 105 0.9(1) 0.69(2) 12.5(3) 0.287(7) −0.151(7)
34 128 1.1(1) 1.383(9) 9.8(2) 0.263(1) −0.1222(8)
35 156 1.4(1) 3.5(5) ∼5× 104 0.13(1) 2.1(5)
36 192 1.6(1) 3(2) ∼1× 104 0.23(3) ?

Table 3.2: The values for measurements with different powers at T = 105 K
and λ = 650 nm. Entries marked with ∼ have errors that are as large or even
larger than the value itself. The entry marked by a ’?’ is not known due to a
bad shape of the curve and a large error on R0. The last four entries for Rj
are taken manually from the plots, the other entries are calculated from R0
and ∆R. Positive values for ∆R indicate a decrease in resistance, negative
values an increase.

power of 40%. Furthermore a setpoint of 20% for one wavelength is not
necessarily the same power as a setpoint of 20% for another wavelength.
This made the operation of the laser somewhat tedious.

The meaning of the different variables used to describe the time-dependent
resistance are visualized in figure 3.4. The first important thing to notice is
the absence of a measurement with a setpoint of 28%. The reason is that
the R(t) curve one gets from this measurement does not agree well with the
function used to do the fits. The fit did only work with a very small range
of starting parameters and the results depended strongly on small changes
of the starting parameters. For example the time constant τ was, accord-
ing to the fit, ∼ 1010 s. This is a strong discrepancy to the values of τ for
other intensities. At first we had the assumption that the measurement had
a problem and it was thus repeated, however, the fit did not work any bet-
ter. Visually the R(t)-curves for this intensity do not look different from the
other measurements. For now, without any further investigations, it appears
to be an inexplicable behaviour. It might be the case that function 3.1 is
not the optimal way of describing the data or that the parameters in the fit
procedure should have been constrained to lower values.
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A more understandable behaviour can be seen in Rj, which increases with
increasing power. This is in agreement with the interpretation of the jump
as a temperature rise since a higher power of the irradiation leads to a higher
temperature. The jump height depends linearly on the power of the emitted
light, as it should.

For R0 the behaviour is again more unpredictable, but a notably large
value exists for 27%. Only for very high powers such a value is found again.
The reason for this large R0 at 27% is not known, but it is reproducible.
There might be a connection to the behaviour at 28%. Another issue at
this power level is the weakening of the relaxation. It seems like the original
value would not quite be reached again. The parameter R0 is in a sense an
extrapolation of how far the resistance would drop after an infinite amount
of time. It is thus larger of what can be observed in the experiment on a
time scale of one hour.

The variations of τ are much larger than the variations of the other values.
However, most of the large values have errors that are as large or larger than
the value itself, indicated by ’∼’ in the table. Visually the R(t) curves do
not look fundamentally different from the others, thus any obvious problems
with the measurements can be excluded. The largest value for τ without
such a big uncertainty is 220 min for 31%. On the other hand it is important
to consider the length of the measurement. The time scale for the laser
irradiation was usually a few hours, so if the τ values are indeed so large,
then the error on this parameter becomes of course large. To obtain more
reliable values for τ the time scale for the measurement should be on the
order of or larger than τ .

The parameter β does not follow a clear dependence on the power either.
One problem here is that β and τ have similar effects in elongating the
temporal behaviour of the resistance, so there is a certain correlation between
those numbers. On the other hand, the values for β do not show any obvious
irregularities even for those measurements in which τ becomes extraordinarily
large. Furthermore the values for β agree with measurements from other
groups [30] and plotting β and τ together does not reveal any clear correlation
between the two.

Finally, ∆R is the combination of Rj and R0 (∆R = R0 − Rj, which is
equivalent to ∆R = R0 − R∞). The higher the jump in resistance Rj, the
smaller becomes ∆R. And equivalently the larger R0, the larger ∆R. This
can easily be understood from figure 3.4. The highest values are achieved for
the 27% measurement. This originates from the large R0, since Rj here is
not special compared to the other measurements. The negative values in ∆R
for larger powers are due to the jump being larger than the amplitude of the

24



stretched exponential function, so the resistance is higher after illumination
than before.

The large variation of the parameters leads to the question of how reliable
the fits are. A global fit would not help in this case, since a non-trivial depen-
dence of the parameters on the intensity is expected, due to the competition
of the photoconductivity and the regeneration.

The main goal of these experiments was to measure the shift in Tc by
measuring R(T ) curves before and after (or during) illumination. With re-
gard to the values of table 3.4, 27% was chosen as the power setpoint to get
the largest ∆R. A direct comparison of R(T )-curves is not conclusive. One
problem is that the temperature fluctuations and drifts in the cryostat are
on the order of the expected shift, and furthermore heating and cooling the
film can always cause a small change in resistance, but perhaps too much for
our small effect.

Nonetheless, a number can be calculated that one can interpret as a shift
in Tc. From the R(T ) curve one can get a value for dR

dT . Then the change in
temperature can be calculated by

∆Tc =
(

dR
dT

∣∣∣∣∣
Tc

)−1

·∆R (3.2)

which, with dR
dT

∣∣∣
Tc

= 0.333 Ω K−1 (as one can see in figure 3.2) and ∆R =
2.1 mΩ, results in ∆Tc = 6.3 mK as the largest observed value.

It is not clear from this number whether the curve is shifted to the right
or downwards. But since the R(T )-curve is approximately linear around Tc,
the two interpretations are equivalent and it is thus justified to interpret this
as a shift in Tc.

One fact that needs to be mentioned here is that in most publications the
intensity is assumed to be irrelevant and that only the photon dose counts.
For our measurements this is clearly not the case. One obvious problem is
the increase of the jump height with increasing intensity. Another problem
is the non-persistence of the photoconductivity here. So the decrease is in
constant competition with the relaxation.

Setpoint [%] Power [µW] Rj [mΩ] R0 [mΩ] τ [min] β ∆R [mΩ]
25 17.64 0.153(7) 0.307(6) 26.5(7) 0.57(1) 0.154(4)
27 43.73 0.329(7) 0.364(6) 12.0(2) 0.56(1) 0.035(3)

Table 3.3: The values for measurements with different powers at T = 105 K
and λ = 850 nm.
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As a comparison to table 3.2, table 3.3 shows the values of two measure-
ments with a wavelength of 850 nm. It is important to compare the powers to
the ones in table 3.2 and not the setpoints. The measurements with setpoints
26% and 29% from table 3.2 are the closest in power to the two measure-
ments in table 3.3. The main difference is that R0 is smaller for 850 nm.
This is consistent with the findings that the effect vanishes between 900 nm
and 1000 nm. With the measurements performed it looks like the effect is
larger for shorter wavelengths without having a clear cut and just getting
weaker with increasing wavelength and finally disappearing for wavelengths
longer than 1000 nm. Since the power is the same, the reason must be the
difference in energy carried by photons of different wavelengths, or, from the
viewpoint of the electromagnetic wave, the differences in the electric field.
The wavelength range where the effect ceases to exist is comparable to other
materials [18, 31]. It is also noteworthy that the jump height Rj is in agree-
ment between the two wavelengths and it thus appears to only depend on the
power incident on the sample, which gives further evidence that the jump Rj
is only thermally induced.

T [K] Ri [Ω] Rj [mΩ] R0 [mΩ] τ [min] β ∆R [mΩ] ∆T [mK]
95 0.00770 -0.02(1) 0.089(7) 38(5) 0.40(4) 0.094(4) 10
100 0.152 0 0.57(1) 32(1) 0.217(5) 0.320(5) 5.6
105 0.995 0.25(3) 1.729(5) 24.7(2) 0.393(1) 1.226(1) 3.6
110 1.76 0 0.98(1) 5.47(8) 0.41(6) 0.833(4) 12
115 2.00 0 0.956(9) 4.6(1) 0.33(3) 0.751(1) 20
120 2.16 0 0.430(5) 2.67(7) 0.503(7) 0.369(1) 12
150 2.99 0 0.282(3) 25.7(5) 0.523(7) 0.279(1) 10

Table 3.4: The values for measurements with different temperatures at λ =
650 nm. The shift ∆T was calculated using equation 3.2.

Measurements at different temperatures were performed for λ = 650 nm.
Their values are shown in table 3.4. These measurements were done with
the NKT laser that we bought, which is a slightly different model than the
one used before, for example it has a higher maximum power. Furthermore
to lower the expenses, no AOTF was bought and a grating monochromator
was used that was already present.

As expected, the initial resistance Ri goes up with increasing tempera-
ture. The values for Rj are especially notable this time. For 95 K a small
downwards jump was found that has not been seen in any other of our mea-
surements. Other than that, only for 105 K a jump can be seen, all other
R(T) curves are continuous, both for switching the laser on and off. β be-
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haves again unpredictably, but τ gets smaller with increasing temperature
except for the measurement at 150 K. There is also a relatively big jump
between 105 K and 110 K, which is at Tc. This is shown in figure 3.8.

The values for R0 and ∆R are also remarkable. For increasing tempera-
ture, they grow monotonically until they have their maximum at 105 K after
which they decrease monotonically. It thus appears that Tc is indeed the best
temperature to investigate photoconductivity in this material. It needs to
be mentioned that if Rj = 0, then according to figure 3.4 one would expect
R0 = ∆R, which is only approximately true in table 3.4. The reason for
this is that R0 and ∆R were calculated with different methods (R0 is a fit
parameter, ∆R is the difference of Ri and R∞) and the fit tends to slightly
overestimate R0.

Temperature [K] Rj/Ri [10−3] R0/Ri [10−3] τ [min] β ∆R/Ri [10−3]
95 -3(1) 11.6(9) 38(5) 0.40(4) 12.2(5)
100 0 3.75(7) 32(1) 0.217(5) 2.10(3)
105 0.26(3) 1.810(5) 24.7(2) 0.393(1) 1.284(1)
110 0 0.557(6) 5.47(8) 0.41(6) 0.474(2)
115 0 0.479(4) 4.6(1) 0.33(3) 0.3762(5)
120 0 0.199(2) 2.67(7) 0.503(7) 0.1706(5)
150 0 0.094(1) 25.7(5) 0.523(7) 0.0934(3)

Table 3.5: The same values as table 3.4, this time adjusted for the different
initial resistances.

The higher values of Ri at higher temperatures could cause values of Rj,
R0, and ∆R to appear larger just because they behave relative to Ri. To
exclude any such effects all resistances were normalized to Ri. This is shown
in table 3.5. Now all resistances just decrease with increasing temperature,
so probably one still gets more information from the non-normalized values.

According to Kudinov et al. [4] the time constant τ should depend on the
temperature as

τ(T ) = τ0 exp
(

∆
kBT

)
. (3.3)

If one plots τ versus the inverse temperature in a plot with a logarithmic
y-axis, the result should be a linear function. This is done in figure 3.8. One
can clearly see that the points are not on a line. However, if one disregards
the leftmost point, which corresponds to 150 K, then the points below Tc
and those above Tc do follow a linear behaviour. The results from the fits to
equation 3.3 are shown in table 3.6.
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Figure 3.8: The time constant τ versus the inverse temperature. The green
lines are fits according to equation 3.3. The vertical dashed line indicates Tc.

τ0 [min] ∆ [eV]
T < Tc 0.18(8) 0.045(4)
T > Tc 0.002(5) 0.08(2)

Table 3.6: The fit parameters for figure 3.8.

The values obtained do not agree well with the results by Kudinov, but
the data points here are a bit sparse to really make a well-founded statement.
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3.5 X-rays
A last test was conducted with an X-ray source. The maximal acceleration
voltage of the source is 50 kV and the maximal current is 2 mA. The material
of the target is tungsten. The attenuation length of Bi2Sr2Ca2Cu3O10 as a
function of energy is shown in figure 3.9. The spectrum of the X-ray source is
displayed in figure 3.10. From this two graphs one can see that the majority
of absorbed photons comes from the range between 7 keV and 12 keV, due to
the high photon rate and the short attenuation length in this region.
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Figure 3.9: The attenuation length of X-ray photons as a function of energy.
The data is taken from the CXRO [32].

A measurement with the X-ray source is shown in figure 3.11. It shows
the resistance of the sample irradiated for almost an entire day. The maximal
energy of the X-rays was 50 keV, the current was 2 mA and the temperature
was 105 K.

The green curve is a fit of the stretched exponential function (Eq. 3.1).
The agreement to the measured data is astounding, especially if the long
measurement time is taken into account. The parameter values of the fitted
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Figure 3.10: The spectrum of the X-ray source. The high energy part up to
50 keV could not be detected by the sensor.

function are R0 = 2.6795(7) mΩ, τ = 5.999(2) h, and β = 0.9828(4). The
jump height when turning the X-rays on is ≈ 0.83 mΩ and the jump when
turning it off is ≈ 0.55 mΩ. It is noteworthy that β is very close to 1, which
would then correspond to a normal exponential function. The shift in the
critical temperature can be calculated again using equation 3.2, with the
result of ∆Tc =6.4 mK.

The most remarkable difference to the earlier measurements is the ap-
pearance of strong persistent photoconductivity. After an irradiation for one
day, waiting for multiple days did not increase the resistance to a value close
to the initial level. A measurement showing the regeneration of the resistivity
is shown in figure 3.12. It is the regeneration after an irradiation equivalent
to the one shown in figure 3.11. Over a course of a day, only a small increase
of 0.4 mΩ can be seen. The next irradiation can then at most reduce the
resistance for the same 0.4 mΩ. During the last few hours the resistance does
not increase any further. This might be caused by temperature fluctuations.
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Figure 3.11: This figure shows the resistance measurement during irradiation
with X-rays of energies up to 50 keV. The measurement lasted for almost
an entire day. The fit of the stretched exponential function is in perfect
agreement with the data. The temperature was 105 K.

The regeneration of 0.4 mΩ corresponds to approximately 16% of the total
resistance increase needed for a full regeneration.

In order to accelerate the regeneration process, the film was heated to
higher temperatures. Tests were made for 110 K, 115 K, 120 K. We found
that 2 h at 120 K is already enough to regenerate the film noticeably, the
lower temperatures are not yet enough. Waiting at 120 K for half a day
fully regenerates the film and the subsequent measurement shows again a
behaviour similar to before the irradiation.

The different behaviour in the time-scale, the function behaving almost
exponential, and the more persistent photoconductivity can all be explained
by assuming that a different mechanism is involved in the photocoductivity
when using x-rays instead of light of longer wavelengths.

31



Figure 3.12: The regeneration of the resistance over one day. The tempera-
ture was constant at 105 K.
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Part II

Effects of Electron and Neutron
Irradiation on the BEC in
Magnetic Dimer Systems
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Chapter 4

Scientific Background

4.1 Introduction
Systems of particles can exist in a number of different states, some of them
with peculiar properties. One of these states is the Bose-Einstein condensate
(BEC), which is a state of matter that can occur for bosonic particles. In
this state, a significant fraction of the bosonic particles can condense into
the ground state. This fraction is much larger than what is expected from
thermal considerations. For fermionic particles, by contrast, due to the Pauli
exclusion principle, a certain state can only ever be occupied by at most one
particle (two particles if one neglects the spin).

So far Bose-Einstein condensation has been observed in a multitude of
systems, the most famous being 4He [33, 34] and cold atomic gases [35, 36].
The systems studied in this thesis are magnetic insulators, where bosonic
quasiparticles called triplons undergo Bose-Einstein condensation. The Bose-
Einstein condensation of triplons was discovered in TlCuCl3 in 1999 [37] and
interpreted as such a short time later [38]. It should be mentioned here
that, although this phenomenon is called Bose-Einstein condensation, some
important properties of certain BECs, such as superfluidity, have not been
found so far.

The decisive feature in these materials is a dimer of spin 1
2 atoms. These

two spins form a spin-singlet (S = 0) as their ground state due to an an-
tiferromagnetic interaction, and can occupy the higher-lying triplet states
(S = 1) in the presence of a magnetic field due to the Zeeman splitting of
these states, or through thermal excitation. These bosonic spin-triplets are
the triplons that can undergo Bose-Einstein condensation.

An atom within the dimer will interact with the other atom in the dimer
(intradimer interaction), as well as with the other dimers (interdimer interac-
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tion). The intradimer interaction is stronger than the interdimer interaction
and it is negative, causing an antiferromagnetic alignment.
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∆
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Figure 4.1: The Zeeman splitting of the S = 1 excited state. This state is
separated from the S = 0 state by an energy gap ∆. An applied external
magnetic field causes the threefold degenerate state to split (green, blue, red).
Due to the dispersion relation of the triplets they are distributed over an
energy band (shown in the inset). The red area shows the energy distribution
of the band of bandwidth D. At the field Hc1 the part of the band with lowest
energy intersects the energy level of the S = 0 state (orange). The state of
lowest energy is now a superposition of a |1, 1〉 state and a |0, 0〉 state.

The process of the ”condensation” through the Zeeman effect is shown
in figure 4.1. Initially, two energy levels exist, an S = 0 level with energy
E0 and a triply degenerate S = 1 level with energy E1 = E0 + ∆. At this
time the S = 0 level is the ground state and thermally excited dimers can
enter the triplet state. The triplets are subject to a dispersion relation with a
bandwidth of D. Applying an external magnetic field causes the S = 1 state
to split into three states with different energies. The energy of the state with
its spin magnetic moment aligned to the magnetic field decreases with an
increasing field. At a field strength Hc1 the lowest energy in the dispersion
relation of this state is equal to E0. At even higher field strengths it is then
energetically favourable for the dimers to be in the |1, 1〉 state. An increasing
field will lower the energy for a larger fraction of the triplet band below the
energy of the S = 0 state. This continues until at Hc2 the highest energy in
the triplet band falls below E0. At this point all dimers occupy a |1, 1〉 state.
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Figure 4.2: The phase diagram for a magnetic insulator. The Bose Einstein
condensate is present between Hc1 and Hc2 at low temperatures.

In a magnetic phase diagram the BEC phase has a dome-like shape be-
tween Hc1 and Hc2. This is shown in figure 4.2. Close to the quantum critical
points, i.e. T = 0, the phase boundary can be described by a power law.
Near Hc1 it is given by

Tc ∝
(
H −Hc1 (T = 0)

)φ
. (4.1)

An equivalent expression is valid near Hc2. The value for the exponent is
φ = 2

3 for a three dimensional system. The critical temperature for these
systems (on the order of Kelvin) is much larger than for atomic gases (on
the order of nanokelvin) due to the small effective mass of the triplons and
their large density.

The magnetic moment of the system for T = 0 is 0 for H < Hc1, increases
linearly for Hc1 < H < Hc2 and is one µB per dimerized atom for H > Hc1.
This is shown in figure 4.3. From this picture it can also clearly be seen,
that the triplon density is linear in the field for Hc1 < H < Hc2 and one can
interpret the field as the chemical potential.

Since every dimer site occupies either a singlet state or a triplet state, a
good description of the system is obtained by approximating the wavefunc-
tion as |ψ〉i = αi(H) |0, 0〉i + βi(H) |1, 1〉i [39].

The BEC quantum phase transition has already been observed in many
different materials. For the present work TlCuCl3, Sr3Cr2O8, and Ba3Cr2O8
have been used, but there exist more complicated materials, too, such as
(C4H12N2)Cu2Cl6 [40].
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Figure 4.3: The magnetic moment as a function of the magnetic field at a
temperature of 0 K. The magnetic moment is per dimerized atom and per
µB.

4.2 The Role of Disorder
The main goal of the second part of this thesis is to investigate the influence
of disorder on the Bose-Einstein condensation in spin dimer magnets.

Previous experiments were aimed at chemically substituting some atoms
in different materials, such as TlCuCl3 and Ba3-xSrxCr2O8.

In the case of TlCuCl3, potassium is added during the growth of the
crystals resulting in Tl1-xKxCuCl3. Both parent compounds TlCuCl3 and
KCuCl3 are coupled dimer systems, with a difference in the strength of the
interactions. In TlCuCl3 the coupling is strong, while in KCuCl3 the coupling
is weaker [41].

In Tl1-xKxCuCl3, variations are found in the magnetic behaviour that go
beyond a simple averaging of the parent compounds [42]. The susceptibility
as a function of temperature does not decrease towards zero temperature and
its maximum is broadened.

These behaviours indicate that the ground state is not a spin singlet,
but rather a magnetic state with continuous excitations. The absence of a
Brillouin term for low temperatures and the almost linear dependence of the
magnetic moment on the field indicates that the spins are strongly coupled.

The transition temperature decreases with increasing K content and falls
below 1.8 K even for 7 T somewhere between x = 0.16 and x = 0.36. The
critical exponent is independent of x, and the critical field decreases for
increasing x up to x = 0.08 and is constant afterwards. The phase boundary,
however, shifts strongly with increasing x by decreasing the rise in T for
increasing magnetic fields. This is shown in figure 4.4.
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Figure 4.4: The dependence of the phase boundary of the BEC on K doping
in Tl1-xKxCuCl3.

From m(H) data one can deduce that the average interdimer interaction
does not change with x and that the decrease of Tc is due to the randomness
in exchange interaction induced by the partial substitution of Tl by K. In
the picture of the Bose-Einstein condensation, the difference in intradimer
interaction caused by Tl and K leads to a random on-site potential that
causes the triplons to localize in a process described by Anderson localization.
The localization suppresses the formation of a Bose-Einstein condensate by
preventing the bosons from forming a coherent state.
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Figure 4.5: The shape of the phase boundary of the BEC without disorder
(blue) and with disorder (red, dashed), leading to the Bose glass phase (BG,
green).

Another study even claims the discovery of a so-called Bose glass phase
belowHc in Tl1-xKxCuCl3 [43], partly in disagreement with earlier results [42].
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This phase is indicated by a different exponent in equation 4.1. The tangent
of the phase boundary then becomes parallel to the magnetic field axis in-
stead of perpendicular to it as expected for φ = 2

3 . This is shown in figure 4.5.
Another study investigated the chemical substitution of the magnetic Cu ions
by non-magnetic Mg ions [44]. Here the doping leads to an impurity-induced
magnetic ordering.

The effects of disorder have been studied theoretically, for example by
Rakhimov et. al. [45]. Their investigations show that the random potential
leads to a uniform renormalization of the system parameters. The magne-
tization data of Tl1-xKxCuCl3 can be explained qualitatively by this theory.
The δ-correlated disorder is found to decrease the critical temperature, while
interparticle interactions do not influence the critical temperature in the ap-
proaches considered due to boson-boson repulsion. A further cause for the
decrease in the critical temperature can be the increase of the effective mass
of the triplons.

An experimental problem arises from the structural changes accompany-
ing a chemical substitution. One would like to investigate the influence of
a pure disorder potential, but in real experiments chemical disorder always
changes the lattice parameters and as such the properties of the system as
a whole. The entangling of the disorder potential with other effects thus
hinders the experimental studies. Introducing point defects by means of ir-
radiation could be a way to eliminate the influence of changing bond lengths
and interactions upon chemical substitution.

4.3 Detection
Various ways exist to probe the Bose-Einstein condensation in these mate-
rials. One example is neutron scattering, which can be used to measure,
among other things, the Zeeman splitting and the dispersion relation [46].

Another method to detect the Bose-Einstein condensation is to measure
the magnetic moment as a function of the temperature and the magnetic field.
This is the main method used in this work. In practice the magnetic moment
is measured either as a function of temperature or magnetic field. Distinct
features in these curves allow one to pinpoint the phase transition. Another
method is the measurement of the heat capacity [49]. The disadvantage here
is that the feature in the measurement curves are less pronounced for smaller
fields and can only be clearly seen for very high fields H & 7 T.

By using electron spin resonance (ESR), the antiferromagnetic alignment
can be observed as well as the spin gap below Hc [47]. Nuclear magnetic
resonance (NMR) is another technique used to investigate spin dimer sys-
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tems [48]. Even sound attenuation can be used to probe these materials [50].
In the condensed state the thermal conductivity should be enhanced drasti-
cally, which makes its measurements a further possible method [51].

4.4 Mathematical Description of the magnetic
moment

The temperature dependence of a paramagnetic sample with non-interacting
localized spins is well known to follow the shape of the Brillouin function

BJ (x) = 2J + 1
2J coth

(2J + 1
2J x

)
− 1

2J coth
( 1

2J x
)
, (4.2)

where J is the total angular momentum and

x = gµBJB

kBT
(4.3)

is the ratio of the magnetic energy and the thermal energy. The total mag-
netic moment is then given by

mp = NpgµBJBJ(x), (4.4)

where Np is the number of paramagnetic atoms in the sample.
In the case of coupled spin dimer systems, the magnetization for x � 1

follows the so called Bleaney-Bowers formula given by

md = Nd ·
g2µ2

BB

J ′ + kBT
(
3 + exp J0

kBT

) . (4.5)

Here Nd is the number of dimerized atoms in the sample, J ′ and J0 are
interaction constants. J ′ is the effective interdimer interaction containing all
the interactions to other dimers. J0 is the intradimer interaction.

It needs to be mentioned that the original Bleaney-Bowers formula usually
does not contain the term J ′. This is true in the case of noninteracting dimers.
In the case of interacting dimers, however, this term needs to be taken into
account.

In a perfect sample of dimers one would only observe the Bleaney-Bowers
function, but of course in a real material one will always have defects and
impurities, and thus the total observed magnetization is given by the sum of
the paramagnetic and the dimer term:

mtot (T,B,Np, Nd, J0, J
′) = mp (T,B,Np) +md (T,B,Nd, J0, J

′) . (4.6)

40



The total number of magnetic atoms in such a sample is Ntot = Np + Nd.
Further contributions may also be present, such as diamagnetism or ferro-
magnetism. These contributions should, however, not contribute beyond a
simple constant shift, at least for low temperatures.
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Chapter 5

Experimental Setup

5.1 Samples
Three already thoroughly examined materials exhibiting the Bose-Einstein
condensation of triplons are TlCuCl3, and the two isostructural materials
Sr3Cr2O8, and Ba3Cr2O8. These are the ones investigated in this work, with
the main focus on TlCuCl3. Sr3Cr2O8 and Ba3Cr2O8 were fabricated at the
University of Zurich, the samples of TlCuCl3 were prepared by K. Krämer
from the University of Bern.

TlCuCl3 has four formula units per unit cell. The crystal has a monoclinic
P21/c space group with lattice parameters a = 3.982 Å, b = 14.144 Å, c =
8.890 Å and β = 96.32◦ [41]. The Cu2Cl6 structures in the bc-plane are
surrounded by 6 Tl atoms. The Cu2Cl6 chains then extend in the direction
of the a-axis.

The spin gap in TlCuCl3 is ∆ = 0.650 meV =̂ 7.54 K and Bc = 5.5 T [37].
It is thus one of the few materials in which the BEC can be observed with
comparably cheap and standard laboratory equipment. Other materials usu-
ally require very high magnetic fields that are only achievable in high field
laboratories.

The materials Sr3Cr2O8 and Ba3Cr2O8 have a hexagonal lattice and the
structure can be described using the space group R3̄m. The lattice constants
for Ba3Cr2O8 are a = 5.757 Å and c = 21.388 Å [54]. For Sr3Cr2O8 these
values are a = 5.562 Å and c = 20.221 Å [55], so that Sr3Cr2O8 has a smaller
unit cell than Ba3Cr2O8. Each Cr ion is surrounded by an oxygen tetrahe-
dron, and couple to another Cr atom to form dimers in the direction of the
c axis.
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5.2 SQUID
The device used to measure the magnetic moment was a MPMS XL by
Quantum Design. Its most important part is a SQUID, which stands for
superconducting quantum interference device. SQUIDs are the most sensitive
detectors for magnetic fields available [56].

The SQUID consists of a superconducting ring with two Josephson junc-
tions incorporated. One important quantum mechanical phenomenon that
a SQUID makes use of is the flux quantisation through a superconducting
ring. A change in the magnetic field through the ring will cause a current to
flow to adjust the flux to an integer multiple of the flux quantum. Sudden
changes in this current due to changes of the quantized magnetic flux are
accompanied by a voltage that can be measured by the electronics attached
to the SQUID. A SQUID thus works as a flux-to-voltage transducer.

The sample is moved up and down through four pickup coils arranged
in a second order gradiometer configuration [57]. The current induced in
these coils by the magnetic flux flows through a wire to a smaller input coil
that then creates a magnetic field next to the actual SQUID. A change in
magnetic flux through the SQUID will then induce the voltage variations.
Measuring the SQUID voltage as a function of position in the pickup coils
then allows for the calculation of the magnetic moment.

5.3 Neutron Irradiation Facility
The neutron irradiation was performed at the Paul Scherrer Institute (PSI) in
the NAA1 at the spallation neutron source SINQ. The samples are placed in
polyethylene containers and transported through a tube system to a position
close to the target. A second facility, the PNA1, reaches a higher neutron
flux, however, the handling is more complicated.

Figure 5.1 shows the neutron flux as a function of energy at the two
facilities PNA and NAA. The majority of neutrons are thermal neutrons
with energies of 10 to 100 meV. For our experiment we used the NAA. The
total flux there is 1013 cm−2 s−1. The neutrons are produced by directing
590 MeV protons on a target made of lead rods enclosed in a zirconium alloy.
It is positioned inside a heavy water moderator tank to decrease the neutron
energy [59].

1Historically NAA and PNA used to be abbreviations for ’Neutron Activation Analysis’
and ’Präparative Neutronen Aktivierung’. However, these days the abbreviations just
stand for themselves as they have lost their meaning.
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Figure 5.1: The neutron flux for the NAA and the PNA as a function of the
neutron energy. Our irradiation was done in the NAA. Image from PSI [58].

After the chosen time of irradiation has been reached, the capsule is
transported back to the lab. At this point our samples were always too
radioactive to be taken back directly to the university to continue with the
measurements. After a waiting time of several weeks the level of radioactivity
was low enough for the samples to be sent back to the University of Zurich.
During the waiting time the samples were stored in a dry environment (except
for the first test when we did not yet know that the deactivation would take
so long).
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Chapter 6

Measurements

6.1 Electron Irradiation of TlCuCl3
The electron irradiation was performed by BGS Beta-Gamma-Service GmbH
& Co. KG in Germany. The Electron Energy was 10 MeV and the absorbed
dose was 1000 kGy. To prevent a strong heating of the sample the irradiation
was performed in multiple steps.

The unit gray (Gy) is defined as absorbed radiation energy per mass, i.e.
1 Gy = 1 J kg−1. The mass of the sample used here was 0.0453 g, leading to
a total absorbed energy of ≈ 45 J.

The stopping power for any material can be obtained from a NIST data-
base [52]. The curve of the stopping power for TlCuCl3 is shown in figure 6.1.
For 10 MeV electrons the stopping power is 2.219 MeV cm2/g. With a density
ρ = 4.995 g/cm3 this yields an energy loss of the electrons of 11.08 MeV cm−1.
The sampe thickness was on the order of 1 mm, so the energy loss per electron
should amount to the order of 1 MeV. The samples were not of a uniform
shape and the electron energy decreases inside the sample, but due to the
relatively low energy loss inside the sample, they can be regarded as uniformly
irradiated.

The dose was chosen to be as high as possible while still being feasible and
affordable, and is comparable to those found in publications about inducing
defects in semiconductors [53].

The magnetic moment as a function of temperature of the sample before
and after irradiation with electrons is shown in figure 6.2. The magnetic
moment is in units of µB and per copper atom. It was measured for 11
different external magnetic fields from 6 T to 7 T in steps of 0.1 T. The
temperature was scanned from 1.8 K to 4 K in steps of 0.04 K.
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Figure 6.1: This figure shows the curve for the stopping power for TlCuCl3
from the NIST database [52]. The 10 MeV electrons used are close to the
minimum. The stopping powers due to collision and radiative loss are shown
seperately. Together they form the total stopping power.

The plot shows the data as recorded by the SQUID. The moments of
the irradiated sample are shifted towards lower or even negative moments.
This is interpreted as being due to different backgrounds, mainly a strong
diamagnetic background in the measurement after the irradiation. These
different backgrounds are most likely caused by the capsules and the cotton
used to hold the sample in place and are therefore not significant.

Furthermore a small shift of the local minimum of Tc can be seen. The
shift of Tc is approximately 0.1 K towards lower temperatures after the irra-
diation. This shift is, however, too small to be unambiguously attributed to
the irradiation because of the dependence of Tc to the direction of the crystal.
The crystal was positioned in the same position before and after irradiation
as well as possible. We assume the deviation to be no more than 20◦.
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Figure 6.2: The magnetic moment of TlCuCl3 as a function of temperature
for different fields before and after the electron irradiation. It shows the
original, unaltered data. The shift is most likely due to different backgrounds.

No further electron irradiations were performed after this first test. The
main reason is the dose, which was already extremely high for the company
involved, and the cost for a longer irradiation would increase linearly. This is
mainly due to the heat generation in the sample, which would make multiple
shorter irradiation sessions necessary.

6.2 Neutron Irradiation of TlCuCl3
In total, we had the samples three times irradiated for three different amounts
of time and thus three different fluences. The first run lasted 10 min, the sec-
ond 4 min, and the third 30 min. The doses reached this way are comparable
to what was used in other studies [60]. Reports where higher doses were used
can also be found in the literature, and it was first our intention to achieve
these higher doses. However, we observed already signs of decomposition at
the lower doses mentioned above, and we continued to use those.
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Natural copper consists mainly of 69% 63Cu and 31% 65Cu [61]. The
neutron capture cross section is approximately 5 b and 1 b, respectively [62].
Thallium consists of 30% 203Tl and 70% 205Tl with cross sections of 9 b and
0.1 b. Chlorine comprises 76% 35Cl and 24% 37Cl with cross sections of 20 b
and 0.3 b. Since TlCuCl3 consists of three times more Cl than Tl and Cu and
chlorine having the largest cross section, most neutrons should be captured
by chlorine.

By capturing a neutron, the nucleus becomes unstable and decays ra-
dioactively. In case of α and β decay, a new type of atom will be created
at the site of the old one, hopefully causing the desired random potential
without changing the lattice parameters too much.

By multiplying the flux with the cross section and the irradiation time
one can calculate the fraction of converted atoms. For a cross section of one
barn and 30 min of radiation the result is 2× 10−8.
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Figure 6.3: The m (T ) measurement of the TlCuCl3crystal for a field of 1 T
before and after neutron irradiation for 10 min from 2 K to 100 K.

The first run, which lasted 10 min, was originally intended to test the ra-
dioactivity in the samples as preparation for an irradiation that was planned
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quantity before after
Np 2.04(8)× 1017 1.246(1)× 1019

Nd 4.52(8)× 1019 3.8(1)× 1019

J0/kB 55.3(1) K 45.9(2) K
J ′/kB 149(6) K 210(10) K

Table 6.1: Results from fitting the magnetization m(T ) of TlCuCl3 using
equation 4.6, before and after neutron irradiation for 10 min.

to last for an entire day. We found that the sample had become almost
completely paramagnetic, which is shown in figure 6.3, the corresponding
parameters according to equation 4.6 are shown in table 6.1. At first we
assumed that we overestimated the needed dose for the irradiation and per-
formed another test lasting only 4 min. The sample for the second run was
pressed from a powder, i.e. it was not monocristalline. We also included a
sample of Sr3Cr2O8 and Ba3Cr2O8 (see next section).

quantity before after
Np 2.23(2)× 1018 2.24(2)× 1018

Nd 7.2(1)× 1019 6.5(1)× 1019

J0/kB 54.1(2) K 54.0(2) K
J ′/kB 103(7) K 96(7) K

Table 6.2: The values of the fitted functions for TlCuCl3 before and after
neutron irradiation for 4 min.

The magnetization curve for the powder for 1 T is shown in figure 6.4, and
the corresponding parameters of the fits to equation 4.6 are given in table 6.2.
The g-factor used here was 2.23 [37], different values did not improve the fit.
This value is only valid for H ⊥ (1, 0, 2̄), for H ‖ b, g ≈ 2.06 [37].

The fit does not agree well with the data. Since these measurements were
performed on a powder sample and all measurements with crystals show
better agreement, it can be assumed that a powder is not described well
enough by equation 4.6. In this figure it is clearly visible that the irradiation
did not destroy a large fraction of the dimers. The difference in irradiation
time could not cause this difference in destruction of dimers. It was thus
concluded that the first crystal was destroyed by the air moisture. Indeed,
during all runs, except the first one, the sample was in a bag with silica beads
to absorb any humidity.

The 1 T measurements from 2 K to 300 K before and after irradiation for
30 min are shown in figure 6.5. The corresponding fit parameters are shown in
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Figure 6.4: The m (T ) measurement of a TlCuCl3 powder sample for a field
of 1 T before and after neutron irradiation for 4 min from 2 K to 300 K.

quantity before after
Np 3.61(9)× 1017 1.02(1)× 1018

Nd 6.73(7)× 1019 7.34(7)× 1019

J0/kB 55.34(8) K 55.25(8) K
J ′/kB 118(3) K 123(3) K

Table 6.3: The values of the fitted functions for TlCuCl3 before and after
neutron irradiation for 30 min.

Table 6.3. The fits agree better with the measured data this time. However,
both the number of dimerized atoms and the number of paramagnetic atoms
increase which makes a direct comparison of destroyed dimers and created
paramagnets difficult. On the other hand, the number of paramagnetic atoms
triples while the number of dimerized atoms increases by only 10%. This
indicates the induction of paramagnets through the irradiation.

The m(T) measurements of TlCuCl3 in magnetic fields larger than Hc
before and after the 30 min neutron irradiation are shown in figure 6.6. Here,
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Figure 6.5: The m (T ) measurement of TlCuCl3 for a field of 1 T before and
after neutron irradiation for 30 min from 2 K to 300 K.

the magnetic field is large enough to induce the Bose-Einstein phase transi-
tion. The relative vertical position of the three data sets is arbitrarily chosen
for clarity. The data before the irradiation had to be measured partly with a
piece of iron put next to the sample to increase the values for the magnetic
moment upwards, since the software controlling the measurement did not
find the correct values for magnetic moments close to 0.

From these data a larger shift in the critical temperature upon irradiation
can be seen. For example, for 7 T the shift is approximately 0.7 K towards
higher temperatures. This is quite remarkable. To exclude a change in
orientation to account for this change, the sample was rotated twice, but the
change in Tc due to different orientation was found to be on the order of
0.2 K.

Another method to find the phase boundary is to measure m(H) at fixed
T (in the plots, B = µ0H is given). This was unfortunately not done be-
fore the irradiation. Nevertheless, the measurement was performed with the
irradiated sample.
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Figure 6.6: The magnetic moment as a function of temperature for TlCuCl3
before and after neutron irradiation for 30 min. As the three data sets have
three largely different offsets to 0, they were shifted vertically for clarity.

These m (H) measurements for T = 1.8 K are shown in figure 6.7. The
external magnetic field was swept from 0 T to 7 T in steps of 0.01 T. For
each field the magnetic moment was measured six times. The white points
represent these unaltered points as measured by the SQUID. For fields close
to the kink at Hc a lot of points lie far away from the mean value of the
six points for every field. In order to obtain less scattered data, the mean
and standard deviation of the six points for every field were calculated and
then all points deviating more than 1.5σ were neglected. With the remaining
points, a new mean was calculated. The result are the blue points in the plot.
Simply calculating the running average of the white points was not sufficient
to obtain such a smooth curve.

The critical field is located at the kink, i.e. at approximately 5.6 T. The
reasons why the magnetic moment is not 0 below Hc are the facts that T > 0
and the presence of a paramagnetic background. Above Hc the magnetic
moment follows closely a linear function, as expected.
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Figure 6.7: The m (H) measurement at a temperature of 1.8 K is shown here.
The field is given in tesla as µ0H. The white points are the measured points,
the blue points are edited to remove all points far from the ‘real’ line. Most
of the white points can not be seen as they lie directly beneath the blue points.

Figure 6.8 shows the derivative of the magnetic moment dm/dB. The
white points are the derivative as calculated from the blue points in figure 6.7.
The yellow points are the same as the white ones, except all outliers neglected.
The blue points finally are the yellow points smoothed over 11 points by a
running average.

Finally, figure 6.9 shows the second derivative d2m/dB2. The white points
are calculated from the blue line from figure 6.8. The blue points are again a
smoothed version over 11 points of the white points. They serve as a guide to
the eye and are not used any further. The peak between 5 T and 6 T around
Hc can clearly be seen in the datapoints. In the following, the slowly varying
background was assumed to follow a linear function in the region around the
peak.

The peak itself shows similiarities to a Gaussian distribution
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Figure 6.8: The derivative dm/dB of the magnetic moment from figure 6.7
with respect to the magnetic field.

g(x) = 1√
2πσ

exp
(
− x2

2σ2

)
. (6.1)

Upon close inspection one can see that the low field side (left) is ex-
panded as compared to the high field side (right). First attempts using an
asymmetric Gaussian function did not prove to agree well with the data.
Further attempts with other functions were made and it turned out the data
can be accurately described by a Gaussian distribution, convoluted with an
exponential distribution

e(x) = λ exp (−λx) ·H(x), (6.2)
where H(x) denotes the Heaviside step function.

The convolution f = g ∗ e of the functions 6.1 and 6.2 can be written as:

f(x) = λ

2 · exp
(
−xλ+ (σλ)2

2

)
· erfc

(
−x+ σ2λ√

2σ

)
, (6.3)
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Figure 6.9: Second derivative of the magnetic moment d2m/dB2. The red
curve shows the fitted function according to equation 6.4. The magenta curve
is the extension of the red curve beyond the fitted region. The exponential
distribution is shown in yellow, the Gaussian distribution in cyan.

where erfc() denotes the complementary error function.
This function f(x) needs to be mirrored at the y-axis and shifted to Be,

the cutoff of the Heaviside function. Since the distribution 6.3 is normalized
to an area of one, it needs to be multiplied by a scale factor s. Furthermore
the linear background needs to be added. This then yields the function

f̃(B) = s · λ2 · exp
(

(B −Be)λ+ (σλ)2

2

)
· erfc

(
B −Be + σ2λ√

2σ

)
+ aB + b.

(6.4)
The red line in figure 6.9 shows the fit of the data according to equa-

tion 6.4. It was fitted to the white data over the entire range where the red
function is displayed. The magenta line is the continuation beyond the fitted
region. It shows the deviation from the linear background valid for larger
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fields. The yellow curve is the exponential distribution and the cyan curve
the Gaussian distribution centered at the same field value.
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Figure 6.10: This image shows the same data as figure 6.9, zoomed in around
the peak of the data.

In figure 6.10 we show the same data as in figure 6.9, zoomed in to
the region around the peak. The agreement between the fitted function
and the data is remarkably good. The interesting values from the fit are
λ = 5.8(3) T−1, σ = 62(4) mT, Be = 5.686(3) T. The maximum of the red
curve is at 5.613 T.

The convolution of an exponential and a Gaussian distribution may be
interpreted in two different ways. One way is to look at it as an exponential
rise in the second derivative of the magnetic moment smeared out by fluctu-
ations following a Gaussian distribution. This shifts the peak to lower values
than what the end of the exponential given by the Heaviside step function
would be. It is interesting to note that the integral of an exponential function
is again an exponential function, so the curves of m and dm/dB should then
both be exponential up to Be, too. Additionally the integration would yield
a constant and a linear term for dm/dB and m, respectively. In this interpre-
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tation, the critical field would correspond to the cutoff-field (Bc = Be). The
second way to look at it is that the real feature is a Gaussian peak centred
at Be and that it is smeared out in an exponential way. Since this function
is not based on a physical model but merely heuristically, it is unclear which
one of the two interpretations is true.
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Figure 6.11: The phase diagram of our TlCuCl3 sample before and after ir-
radiation with neutrons for 30 min. The circle-shaped points are taken from
m(T ) measurements, the diamond-shaped point is from the m(H) measure-
ment. Filled symbols are before the irradiation, empty symbols are after the
irradiation.

From the m(H) and the m(T ) measurements we can draw a phase dia-
gram to compare the phase boundaries before and after the neutron irradia-
tion. This phase diagram is shown in figure 6.11. The blue and green points
represent the measurements before the irradiation, blue the ones without
iron, green the ones with iron. Other than a small shift they agree very well
to one another and to the expected behaviour as measured by various other
groups. The red points are measured after the irradiation. The data points
shown in figure 6.11 are the temperatures at which the curves in figure 6.6
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are at their minimum for each corresponding field value. The most obvious
change is the fairly large decrease of the critical field for any given tempera-
ture, or from an alternative viewpoint, the increase of the critical temperature
for a given magnetic field. The shift in the field is approximately 0.4 T. The
shift in temperature is approximately 0.9 K. Another important change in
the shape of the phase boundary is the appearance of an apparent kink in
the slope. At approximately 3.2 K the slope of the irradiated curve suddenly
changes. A possible explanation would be the involvement of an additional
phase in the irradiated sample. This means that around 3.2 K and 6.1 T
three different phases would meet in a tricritical point. Originating from this
point,an additional phase boundary should then lie somewhere left of the red
points. This additional phase should, in principle, manifest itself in the m(T )
or m(H) curves by an additional feature. If one inspects the curves in figures
6.6, 6.7, 6.8, and 6.9 in search for a sign of an additional phase transition,
no indications for a further phase transition can be found, however.

From the m(H) measurements performed after the irradiation one can
obtain an additional point of the phase boundary, which is indicated by a
yellow diamond in figure 6.11. It is the field value corresponding to the
maximum of the fitted curve in figure 6.9. It agrees better with the data
taken before the irradiation than with those taken after the irradiation. This
raises the question whether the experimental data for the red points are
interpreted correctly.

6.3 Neutron Irradiation of Sr3Cr2O8 and
Ba3Cr2O8

The neutron irradiation was also performed on Sr3Cr2O8 and Ba3Cr2O8. The
critical fields at which Bose-Einstein condensation occurs in these materials is
higher than what our laboratory equipment can provide, so the only measure-
ments made for these materials were the 1 T temperature scans to examine
the dimerized and paramagnetic parts in the sample.

The reported interaction constants vary in the literature, depending on
the technique used. According to one publication for Sr3Cr2O8 the interaction
constants are J0 = 5.55 meV =̂ 64.4 K and J ′ = 3.6 meV =̂ 42 K according to
inelastic neutron scattering, and J0 = 5.51 meV =̂ 63.9 K and J ′ somewhere
between 1.2 meV =̂ 14 K and 2.0 meV =̂ 23 K according to susceptibility mea-
surements [63]. According to another study, the values are J0/kB = 62.0(1) K
and J ′/kB = 6(2) K [64].
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Depending on the measurement method, the values for J ′ can vary quite
dramatically. Small variations can also be found for the values of g. For
Sr3Cr2O8, we use g =1.95 [65].
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Figure 6.12: The the m(T ) measurement of Sr3Cr2O8 for a field of 1 T before
and after neutron irradiation for 4 min.

The measurements before and after the 4 min irradiation are shown in
figure 6.12, together with the corresponding fits according to equation 4.6,
with an additional constant background, which is very small. For the mea-
surement before the irradiation the fit is in reasonable agreement with the
data. This is in contrast to the measurement after the irradiation, where the
fit does not agree with the data as well.

A closer look at lower temperatures is taken in figure 6.13. Here, the
deviation of the fit from the measured data after the irradiation can be
clearly seen. The resulting parameters from these fits are given in table 6.4.
Due to the bad fit, the values describing the curve after the irradiation should
be looked at with reservation.
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Figure 6.13: A zoomed version of figure 6.12.

The increase in the number of paramagnetic, i.e. un-dimerized, Cr atoms
Np increases, and the number of dimerized atoms Nd decreases. This is in
agreement with the simple picture of the destruction of dimers.

In figure 6.14 we show the m(T ) data for the 30 min irradiation. The
corresponding parameters of the fits are given in table 6.5. The number of
paramagnetic atoms increases again and the that of the dimerized atoms de-
creases. However, the difference in the numbers before and after are smaller
than in the irradiation for 4 min. We would have expected the number of
destroyed dimers and created paramagnets to depend approximately linearly
on the irradiation time. We do not have an explanation for this behaviour
yet. Considering that 30 min was the longest irradiation time and the in-
duced damages are fairly small, a longer irradiation time should probably
be taken in future experiments. It also needs to be noted that the ratio of
paramagnetic atoms to dimerized atoms before the irradiation is larger in
this sample than in the sample used in the 4 min irradiation. This could
have an effect on the accuracy of the fit since the magnetic moment of a
paramagnetic atom is much larger than that of a dimerized atom.
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quantity before after
Np 5.18(2)× 1017 9.52(6)× 1017

Nd 2.87(1)× 1019 2.72(1)× 1019

J0/kB 62.07(4) K 60.2(1) K
J ′/kB 4(1) K 0.0(5) K

Table 6.4: The values of the fitted functions for Sr3Cr3O8 before and after
neutron irradiation for 4 min.

quantity before after
Np 3.040(6)× 1018 3.349(7)× 1018

Nd 6.22(3)× 1019 5.87(1)× 1019

J0/kB 62.31(4) K 61.30(6) K
J ′/kB 1.6(13) K 0.0(3) K

Table 6.5: The values of the fitted functions for Sr3Cr2O8 before and after
neutron irradiation for 30 min.

For Ba3Cr2O8 the g-factor is 1.94 [66] and the expected values for the
interaction constants are J0 = 2.38(2) meV =̂ 27.6 K and J ′ ≤ 0.52(2) meV
=̂ 6.0 K as measured by inelastic neutron scattering [67]. Values of the fit
are shown in table 6.6. A problem we faced with this sample was that it was
broken when we received it back after the irradiation. The largest piece was
then used for the measurement. The ratio of the masses is mbefore/mafter =
1.40. This is compatible with the numbers in table 6.6 where we have a ratio
of 1.53 and 1.42 for Np and Nd respectively. The only quantity that changes
is J ′, but again, the fit function is not very sensitive to this parameter.

The corresponding plot is shown in figure 6.15. The data after the irra-
diation are scaled with a factor of 1.4 to adjust for the missing mass. As
one can easily see, the two curves are now basically the same. Therefore, we
decided not to use Ba3Cr2O8 for the irradiation with a total time of 30 min.
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Figure 6.14: The the m(T ) measurement for Sr3Cr2O8 for a field of 1 T
before and after neutron irradiation for 30 min.

quantity before after
Np 2.80(2)× 1018 1.83(1)× 1018

Nd 7.15(6)× 1019 5.03(2)× 1019

J0/kB 23.66(6) K 24.24(3) K
J ′/kB 20.1(1) K 11.7(6) K

Table 6.6: The values of the fitted functions for Ba3Cr2O8 before and after
neutron irradiation for 4 min.
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Figure 6.15: The the m(T ) measurement for a field of 1 T before and af-
ter neutron irradiation for 4 min of the Ba3Cr2O8 sample. The two curves
virtually coincide.
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Summary and Outlook

In the first part of this thesis the influence of light irradiation on BSCCO-
2223 films was examined. Photoconductivity could be observed with lasers
using wavelengths of at least 900 nm. The effect continues to appear for
shorter wavelengths at least up to 488 nm, which was the smallest wavelength
available using the lasers. Continuous irradiation from a laser diode and
pulsed irradiation from a fibre laser do not influence the photoconductivity
in a different way. As soon as the laser is turned off, the resistance starts to
relax back to the original value on a time scale of one hour. Irradiation at a
much shorter wavelength was achieved by using x-rays. These measurements
show a time constant much larger than the measurements with visible light,
on the order of a day, and a more persistent photoconductivity. Heating
the sample above 120 K and subsequent cooling to the temperature of the
irradiation reverses the effect, and the resistance is again back at the original
value.

Intensity dependent measurements exhibit a behaviour that has not been
reported on other materials, by showing an intensity dependence apparently
in the form of a threshold, instead of only depending on the total photon
dose.

Temperature dependent measurements show that photoconductivity ef-
fects are most pronounced at Tc. It also appears that the critical temperature
separates temperature regions with different behaviour of the time constant,
albeit the measurements are not detailed enough in temperature to make a
well founded claim.

The role of defects in the materials, especially oxygen vacancies and oxy-
gen ordering should be investigated further. Nonetheless, this work has al-
ready given some insight into the behaviour of a material with different oxy-
gen arrangement than in the most studied YBCO123 system.

In the second part of this thesis the effects of electron and neutron irradiation
on magnetic dimer systems were examined. We could show that electrons do
not create a significant change in the critical parameters. On the other hand,
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neutron irradiation seems to affect the materials under investigation already
at relatively low doses. Although the measurements performed to estimate
the microscopic conversion of dimers to paramagnetic atoms are inconclu-
sive, the phase diagram changes in a remarkable way. A dose of 1.69× 1016

thermal neutrons per cm2 increases the critical temperature by about 0.9 K
or decreases the critical field by about 0.4 T. However, it has been observed
that in our sample the two methods m(H) and m(T ) do not yield the same
phase boundary.

To make sure that the shift of the phase boundary is in fact real and not
an artefact, the experiments should be repeated and more attention should
be paid to the m(H) measurements.

In the long run, microscopic investigations of the structure of the de-
fects using HRTEM, STM or other suitable methods should be made. This
would allow for the investigation the defects, their distribution, and their
influence on the crystal structure in a direct way, and we could verify that
the irradiation does indeed induce point defects as opposed to larger defect
structures.

The main goal of these investigations is to be able to tune the critical
field in a material in a controlled way, which would be a big step towards the
fabrication of conjectured magnetic Josephson junctions [68].
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