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Abstract

Recent angle-resolved photoemission spectroscopy (ARPES) results on the high-
temperature superconductor (HTSC) TloBagCuOyy.s (T12201) are presented. A
very overdoped sample with a T of 30 K was found to have a Fermi surface
consisting of a large hole pocket centered at (m,7), which is approaching a
topological transition. A superconducting gap consistent with a dz2_,2 order
parameter was detected. In contrast with the underdoped HTSCs, where the
quasiparticle (QP) linewidth at the top of the band is maximal in the antinodal
direction and minimal in the nodal direction, overdoped T12201 was revealed to
have a reverse nodal /antinodal anisotropy, with sharp QP peaks in the antinodal
region and broader peaks in the antinodal region.

The T12201 results establish T12201 as a valuable material for exploring the
overdoped side of the phase diagram with ARPES. They also raise numerous
questions that demand further ARPES measurements over a broader range of
dopings, as well as temperature-dependent measurements.

In parallel with the T12201 research, a new in-house ARPES system is being -
constructed at University of British Columbia (UBC). The ARPES system under
" construction at UBC incorporates a molecular beam epitaxy (MBE) system
for the growth of a much broader range of materials than can typically be
studied by ARPES. Novel design techniques to improve the accuracy of ARPES

measurements are presented.
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Chapter 1

Introduction

Since high-temperature ceramic superconductors were discovered in 1986 [3],
they have attracted attention both for their potential technological uses and
because they presented a scientific challenge. The Bardeen-Cooper-Schrieffer
(BCS) theory, which satisfactorily explains superconductivity in Fermi-liquid-
like metals, does not have the correct starting assumptions to model the high-T,
superconductors (HTSCs). A theory of the HTSCs has been elusive, despite a
long-term focused effort, due to the difficulty inherent in modelling the strong
electron-electron interactions present in these materials. The presence of these
interactions makes the goal of finding a model for the HTSCs part of a larger
objective — that being the construction of a model that explains the proper-
ties of systems with strong electron-electron interactions. Despite a strong ef-
fort for many years, however, there is no agreement on a theoretical model for
the HTSCs, partially due to the fact that strong electron-electron interactions
present a difficult system to model, and partially because experimental results
from different techniques are best suited for measurements on different com-
pounds; thus, forming a coherent picture of the experimental results is difficult.
TlyBagCuOg4s (T12201) offers an opportunity to do angle-resolved photoemis-
sion spectroscopy (ARPES) studies on a material that has a high T¢, yet does
not have many of the electronic and structural complications that other mate-
rials suited to ARPES have.

In this work, ARPES results from work done at the Swiss Light Source (SLS)
using the Surface and Interface Spectroscopy (SIS) beamline are presented. In
parallel with the work done at the SLS, construction of a new in-house ARPES
system has begun. The goals of the new ARPES system are two-fold: as well
as achieving lower temperatures and higher resolution than the existing state-
of-the-art, we also are connecting a molecular beam epitaxy (MBE) system to
our ARPES chamber, such that we can do ARPES studies of materials that

either cannot be grown as crystals, or do not cleave well enough to be studied

by ARPES through conventional means.
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1.1 Correlated systems

The physics of simple metals, semiconductors, and many ionic compounds are
understood and modelled successfully by calculating the behaviour of free elec-
trons interacting with a periodic potential of atomic nuclei [4]. Theoretical
modelling of these materials agrees well with measurements and can be used
to predict an impressive array of properties, such as thermal conductivity, AC
and DC electrical conductivity, the Hall coefficient and magnetoresistance, to
name a few. Elementary calculations of these quantities rest heavily on the free-
electron approximation, and corrections due to electron-electron interactions are
handled perturbatively [4].

At the other end of the spectrum, we are able to accurately model molecular
chemistry in the paradigm of bound electrons [5]. Hybridization of molecular
electronic orbitals provides a reliable method for computing electronic states in
organic molecules.

Between these two canonical regimes, however, there is a wide range of ma-
terials that have electrons that are not bound to specific lattice sites, but do
interact heavily with each other. These materials, known as correlated systems,
have a staggering range of properties that are unexpected on the basis of the
independent particle picture, and these properties can change dramatically with
small changes in doping, lattice constants, temperature and pressure, as a result
of electron-electron and electron-phonon interactions giving rise to many differ-
ent competing phases. While these interactions are responsible for the broad
range of properties in correlated systems, it is also their presence that makes
calculations notoriously difficult. Due to presence of strong correlations, calcu-
lations of the properties of these materials are inherently many-body problems,
with no standard technique for simplifying the problem. In order to effectively
model the electron-electron interactions, an experimental model for the spectral
function is needed, making spectroscopic studies of these materials one of the

main thrusts of the current experimental effort.

1.2 The cuprates

Among correlated systems, materials with 3d and 4f-orbital valence electrons
stand out in particular, because the 3d and 4f electrons from the metals can
range from highly correlated to nearly free with small changes in tunable pa-

rameters, such as temperature, interatomic spacing or doping. By adjusting
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these parameters, dramatic changes in the properties of these materials take
place. As well as the potential for technological applications, the transition
metal oxides provide much of the motivation behind modern solid state physics,
since we should be able to continuously change the Hamiltonian of these ma-
terials, corresponding to changes in tunable parameters, and observe the same
dramatic changes of the properties in our calculations that we do in experi-
ment. Two-dimensional copper oxides are of special interest, both scientifically
and technologically, as they change from being an antiferromagnetic insulator
to a HTSC, and finally to a metallic but non-superconductive state, ostensibly
a Fermi liquid, as a function of doping.

1.3 Angle-resolved photoemission spectroscopy

While many different types of measurements have made important contributions
to our understanding of the HTSCs [6], ARPES gives the most direct measure-
ment of the momentum-resolved electronic structure. Since electron-electron
correlation contributes to spectral weight away from the bands predicted from
non-interacting electron calculations, ARPES measurements allow for a rela-
tively direct probe of electron-electron correlations. To a first approximation,
the copper d-electrons responsible for superconductivity have no dispersion per-
pendicular to the copper-oxygen plane. Thus, the d-electrons can be thought of
as two-dimensional (2D), making them ideal for studies by ARPES, in which the
components of electron momentum parallel to the surface are conserved during
photoemission, while the component perpendicular to the surface is not [7].
The simplest model of photoemission is as follows: a photon of known en-
ergy promotes an electron of a given energy € and momentum k to a state with
the same momentum k and an energy € + Aw. The electron is assumed to im-
mediately exit the surface of the material, thereby losing ¢, the work function,
from its energy, giving the electron a final energy of € + hw — ¢. While leaving
the material, the momentum parallel to the surface of the sample is conserved,
but perpendicular to the sample, there is lack of symmetry, and the momentum
perpendicular to the plane is not conserved. The fact that the momentum is
not conserved in the perpendicular direction is not a problem in the analysis
of 2D electrons, however, where there is no electronic dispersion perpendicular
to the surface of the sample. By measuring the photoelectron energy, and the
angle of emission, from which the parallel component of momentum is readily
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calculable, the electronic dispersion of a 2D material can be readily determined.
The electronic structure of the CuQO; band, thought to be responsible for su-
perconductivity in the cuprates, is sufficiently close to 2D that they are often
treated as 2D. As well as having a quasi-2D electronic structure, the cuprates
further lend themselves to ARPES studies as they naturally cleave parallel to
the copper-oxide planes. Thus, ARPES data yield direct information about the
single-particle spectral function for occupied states, and hence is a valuable and
unique tool for determining the electronic origins of the exotic properties found
in the cuprates. Note that the simple model described above does not take into
account scattering or surface effects. For a more complete model of the photoe-
mission process, see Hiifner (7], and for a review of ARPES on the cuprates, see
Damascelli et al. [8].

1.4 T1,Ba;CuOg,s as a material for ARPES

studies

Certain families of cuprates, particularly BizSroCuOgys (Bi2201), its bilayer
cousin BigSroCaCuy0gys (Bi2212) and Lag_,Sr;CuQy4 (LSCO) have been ex-
tensively studied by ARPES. While these studies have produced many valuable
results [8], they have been complicated by material issues. Bi2201 and Bi2212,
for instance, cleave very readily, making it easy to get a vacuum-clean surface
on which to do photoemission work. Bi2201 and Bi2212 are therefore standard
materials for ARPES studies, but from a theoretical modelling perspective, they
are not at all ideal. Further, when studying Bi-based cuprates, one is faced with
the choice of studying either the single-layer compound Bi2201, which has a low
T, or Bi2212, which has a much higher T, but also has the problem of being
a bilayer compound, where there is inter-layer coupling between neighboring
copper-oxygen planes, complicating both analysis of the ARPES spectra and
the theoretical modelling of the compound. Furthermore, Bi2201 and Bi2212
are not well suited to bulk sensitive measurements, complicating the comparison
of cuprate data from complimentary techniques.

The thallium compound Tl;BazCuOg4s (T12201) presents a unique oppor-
" tunity to untangle the physics of high-temperature superconductivity from other
material issues. T12201 is a single-layer compound with a very high T, of 93 K
at optimal doping [9], and can be grown with a clean crystal structure over a
broad doping range. Further, T12201 can be grown in the heavily overdoped
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side of the phase diagram, where very little ARPES work has been done.
T12201 has not been studied by ARPES extensively due to technical diffi-
culties. At the required temperatures for growing T12201 crystals, the highly
toxic T1O has a significant vapour pressure. Despite the hazards inherent in its
growth, T12201 has been synthesized, but attempts at ARPES issues have been
stymied by material issues. Despite these difficulties, the unique opportunity
provided by T12201 justifies the effort needed to overcome them. In this the-
sis, T12201 ARPES data taken at the Swiss Light Source on the Surface and

Interface Spectroscopy beamline is presented.

1.5 Construction of an in-house ARPES

system

Concurrent with the T12201 work, the development of a new in-house ARPES
system at the University of British Columbia has been undertaken. While devel-
opments in electron analyzers have allowed measurements of higher and higher
angular and energy resolution, these advances have made the requirements on
the surrounding chamber more demanding. In order to capitalize on the in-
creased analyzer resolution, stray electric and magnetic fields in the chamber
have to be correspondingly lower, the angular positioning of the sample has to
be at least as accurate as the angular resolution of the analyzer, and cryostat
temperatures and chamber pressures have to be lower. While each of these de-
sign goals by themselves do not present a major challenge, accomplishing them
all in the same system provides many unique difficulties. As well as achieving
a new level of resolution and a new low for sample temperatures in a movable
cryostat, the new system will have a unique advantage of being coupled to a
small MBE, which will be used to grow samples and pass them in vacuo to the
ARPES system, broadening the scope of ARPES from the narrow set of sam-
ples that cleave readily to the very broad range of substances that can be grown
by MBE. Furthermore, by growing on substrates of varying lattice constants,
the interatomic distance of the material being studied can be adjusted, giving
another degree of freedom on top of doping and temperature that can be used
to tune the physical properties of the system under study. While this system is
not yet completed, results from preliminary testing, as well as some novel design

techniques, are presented.
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ARPES on TIQBaQCuOG_H;

Despite a growing body of ARPES measurements of various families of cuprate
superconductors and many intriguing results, there are still profound disagree-
ments as to the meaning of many of these results [8]. Above and beyond the
theoretical challenge of modelling correlated electrons, much of the difficulty
comes from material issues of various types. Only a few of the known families of
cuprates cleave sufficiently cleanly to allow ARPES measurements on crystals,
and the synthesis of MBE and ARPES has yet to generate new results. Of the
families that have been studied by ARPES, there are family-specific problems.

The bulk of ARPES studies to date have focused on BizSrzCuQOg..s (Bi2201),
BiySroCaCuyOgys (Bi2212) and Lag—;Sr,CuO4 (LSCO). Each of these mate-
rials has provided valuable results, but in each family, complexities unrelated
to superconductivity are present in the band structure, and the fact that these
materials grow non-stoichiometrically have obscured a theoretical interpretation
[8, 10].

Producing high-quality cleaved surfaces in LSCO is difficult, making ARPES
studies challenging, and the presence of lattice distortions and spin/charge in-
stabilities create complications in the electronic structure of the material, which
are difficult to divorce from the signatures of superconductivity [8]. Further,
LSCO is difficult to grow without introducing chemical inhomogeneity. The
substitutions have a strong effect on superconductivity, as the site of the sub-
stitution is neighbouring the copper-oxygen plane.

In Bi2212, superstructure modulations with a periodicity of 27A make the
unit cell much five times larger than the unit cell would be in the absence of the
superstructure modulations, and hence, its corresponding Brillouin zone (BZ)
is one fifth the size of a Brillouin zone of a modulation-free crystal. However,
researchers focus on the latter, larger Brillouin zones, as the smaller zone’s fea-
tures are too faint to prove useful for analysis. As a result, there exist not only
the Fermi surface (FS), but also faint Fermi surface replicas. These are known as
the umklapp bands [8]. Further, Bi2212 has shadow bands — Fermi surface repli-



Chapter 2. ARPES on Tl;Ba;CuOg 5 7

cas shifted by (7/2,7/2). There are several competing theories on the origin of
the shadow bands [8]. Finally, Bi2212 has bilayer band-splitting, which is caused
by the electronic structure of the neighbouring copper-oxygen planes splitting
into bonding and antibonding bands. The presence of bilayer splitting, umk-
lapp bands and shadow bands often obscures the analysis of ARPES spectra of
Bi2212. Further, in many instances, it is difficult to determine whether features
observed are genuinely features related to superconductivity or merely conse-
quences of the complications in the structure of Bi2212. Furthermore, Bi2212
grows best at optimal doping, but is difficult to synthesize over a broad doping
range, especially in the overdoped regime, making studies of the evolution of
properties over the entire phase diagram difficult.

Bi2201 is a single-layer compound, and thus does not exhibit the bilayer
splitting present in Bi2212. That said, Bi2201 does not have a high T¢, which
likely makes the hallmarks of superconductivity less apparent. The umklapp
and shadow bands are still present as in Bi2212, and like Bi2212, it can only
be easily grown over a limited doping range. Overdoped Bi2201 is not readily
synthesized.

In contrast, TlzBasCuQOgys (T12201) has a number of properties that make
it ideal for photoemission studies. T12201 is a single-layer compound, so there is
no bilayer splitting. T12201 can be grown over a broad doping range, and thus
presents a unique opportunity to do ARPES measurements on a single com-
pound, from optimally doped to highly overdoped, where there are indications
that the normal state is a Fermi liquid [11]. Although understanding the tran-
sition from the superconducting state to a metallic state is likely critical for a
theory of high-T, superconductivity, very little ARPES research has been done
on this part of the phase diagram, as Bi2212 and LSCO both suffer from harmful
cation disorder [10] at higher dopings. Cation disorder is not nearly as problem-
atic in T12201, where the disorder is manifested as non-stoichiometric oxygen
doping and Cu-TI substitution, both occurring in the TIO planes, far from the
CuO, planes, making it an ideal candidate for ARPES studies at higher dopings.
The crystal structure is well-ordered, with flat, distantly spaced copper-oxygen
planes. This reduced disorder may be the reason why T12201 has a T of 93 K
at optimal doping, which is among the highest of single-layer compounds [10].

Although little ARPES work has been done on T12201 until now, significant
results have been achieved via other experimental techniques. Neutron diffrac-
tion has revealed that the non-stoichiometric oxygen is located between the
TI-O layers [12]. The fact that the non-stoichiometric oxygen is isolated from
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the Cu-O planes is likely important to the high 7, of optimally doped T12201
[10]. A magnetic resonant mode had been observed by neutron scattering [9].
This magnetic resonant mode has been observed in Bi2212 and YBazCu3Og+s
(YBCO) [13], but had not previously been observed in a single-layer compound,
and thus, it is unclear whether or not the mode is a unique property of bilayer
compounds. A pure d-wave order parameter was demonstrated for optimally and
overdoped TI2201 by tunnelling measurements [14]. Heat transport measure-
ments on overdoped T12201 (7, = 15 K) present compelling evidence that the
electrons at this doping level form a Fermi liquid. Further, these measurements
put an upper bound on any subdominant order parameter of 0.5%[11], providing
further evidence for a pure d-wave order parameter. Angular magnetoresistance
oscillation measurements (AMRO) indicate a coherent three-dimensional Fermi
surface, which is 2D only at high-symmetry points [15].

Previous ARPES measurements on T12201 have been stymied by the short
lifetimes of the cleaved surfaces. This work presents the first extensive ARPES
measurements of overdoped T12201 crystals. These results allow a determina-
tion of the Fermi surface and give detailed information about the quasiparticle
(QP) dispersion. While the Fermi surface is consistent with calculations and
previous measurements, and the superconducting gap is consistent with a d-wave
order parameter, unexpected results are observed for the lifetimes of the QP ex-
citations. Previous ARPES measurements on the cuprates have focused on the
underdoped and optimally doped regimes, and have observed sharp, well-defined
QP peaks at (w/2,m/2), broad peaks at (7,0), and a broadening with increasing
binding energy over the entire electronic structure {8, 16, 17]. In contrast, we
observe sharp peaks near (7,0} and broad features at (7/2,7/2). Further, while
the expected behaviour of the QP linewidth increasing with binding energy is
observed at (7/2,m/2), the opposite is seen at (m,0).

The research presented was done at the Swiss Light Source, on the Surface
and Interface Spectroscopy beamline, with circularly polarized 59 eV photons.
The hemispherical electron analyzer used was the Scienta SES-2002 analyzer,
which has an energy resolution of 24 meV and an angular resolution of 0.2°. The
samples used were grown using a copper-rich self-flux method and were annealed
in controlled oxygen partial pressures to produce overdoped samples with T¢’s
ranging from 5 to 90 K. The high quality of the samples is demonstrated by the

narrow superconducting transition widths of 0.7 and 7 K for samples with T¢’s
of 67.7 and 24 K, respectively (see Figure 2.1). The full-width half-maximum
(FWHM) of the (0 0 10) X-ray rocking curve is 0.034°, indicating a good cyrstal
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structure (see Figure 2.2)[18].

Measurements were taken on two overdoped samples with T’s of 63 and
30 K, henceforth referred to as T12201-OD63 and T12201-OD30, respectively.
The vast majority of the data taken was on Ti2201-OD30, which has suffi-
cient information for a FS map and a study of QP lineshape anisotropy. The
T12201-OD63 data did not allow a FS mapping, but did provide QP lineshapes
in the nodal and antinodal directions. The stoichiometry of the crystals is
Tl(1.88)1Ba2Cu(1.11)206+s with the departure from ideal stoichiometry corre-
sponding to Cu substitution on the Tl site {12]. The samples were cleaved in
situ at 10 K, and were kept at 10 K and in a pressure of 6 x 10™!! mbar for the
duration of the experiment.

2.1 Data analysis on T12201-OD30

The manipulator at the SIS beamline allows for two angular degrees of freedom.
The entire cryostat can be rotated about its axis, which is oriented vertically,
and the sample holder can be rotated about an axis normal to face where the
sample is mounted. The SIS geometry thus allows data to be taken along
momentum directions radially outwards from the normal to the sample holder.
For a sample mounted parallel to the sample holder, this would mean data would
be taken along cuts radially outwards from I'. TI2201-OD30 was mounted off-
normal, such that data was taken radially from a point near, although not
exactly, («,7), which allowed many of the sets of spectra taken to cross the FS
at approximately normal.

Typical ARPES data obtained from T12201-OD30 are shown in Figure 2.3,
along with Fermi surfaces derived from our band-structure calculations within
the local density approximation (LDA) (a), and a tight-binding fit of the ex-
perimentally determined FS (d). Qur band-structure calculations agree with
previously published work [19].

Data was taken over two irreducible symmetry units in two BZs, allowing
the exact sample alignment to be determined by imposing the requirement that
one symmetry unit can be downfolded directly onto the other. This requirement
uniquely and accurately determines the alignment of the sample [20].

The spectra in Figures 2.3b and 2.3¢c were measured along directions corre-
sponding to the arrows in Figure 2.3a, crossing the FS near the nodal and antin-
odal regions, respectively. In Figure 2.3b, near the nodal region, the quasipar-
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Figure 2.1: Field-cooled magnetization curves for crystals annealed in an O
partial pressure of 10~% mbar at 290°C for 14 days (circles) and
10~7 mbar at 430°C for 6 days (squares), with T¢’s of 24 and 67.7
K, respectively. (Reproduced from Peets et al. {18])
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Figure 2.2: (0 0 10) X-ray rocking curve for a typical crystal (T, = 67.7 K): the
FWHM is 0.034°. (Reproduced from Peets et al. [18])
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Figure 2.3: LDA Fermi surface for two different doping levels corresponding to a
volume of 50% (cyan, dashed) and 60% (blue, solid) of the Brillouin
zone. (b,c) ARPES spectra taken at 7' = 10 K on T12201-OD30
along the directions marked by the arrows in (a). (d) ARPES FS of
T12201-OD30 along with a tight-binding fit of the data (black lines).
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Figure 2.4: Second derivative of the APRES spectra in Figure 2.3b with respect
to binding energy.

ticle (QP) peak shows a strong dispersion, which is clearly evident to 150 meV
below the Fermi energy (Er). This dispersion can be seen more clearly by plot-
ting the second derivative of the ARPES spectra with respect to the binding
energy. Figure 2.4 shows a result of this analysis for the spectra in Figure 2.3b,
showing that the QP peak can be followed to ~ 250 meV binding energy, where
the band bottom can be seen. In Figure 2.3c, the band is much shallower, with
the van Hove singularity located at ~ 39 meV below Ep.

The ARPES FS is obtained by first normalizing the ARPES spectra at
high binding energies and then integrating the ARPES spectra over a +5 meV
window about Fr. This procedure was done over the entire data set, which
covers more than one quadrant in two different BZs. The results are then
downfolded to the reduced zone scheme. This procedure was used in Damascelli
et al. [20] and serves a number of purposes. This procedure serves as a criterion
for determining the alignment of the sample. Only if the alignment of the sample
is correctly determined will points on the FS from the two different zones be

mapped directly on top of each other. The signal-to-noise ratio is also enhanced
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by using this technique, as, for each point on the reduced zone, at least two sets
contribute to it. Next, the FS is symmetrized with respect to the zone diagonal,
(0,0) — (=, m), averaging over all identical symmetry points. This serves to
further increase the signal-to-noise ratio, and to remove any artifacts pertaining
to the anisotropy in angular resolution due to the experimental geometry [20].
Note, however, that the resolution anisotropy problems are inherently less severe
for our measurement geometry of rotating approximately about (m,7) than for
the conventional motion about I' (see Figure 2.6). It should be noted that at
T = 10 K, a d-wave superconducting gap is open along the FS. As a result, the
procedure described above returns the loci of the minimum gap. Note, though,
that these points do correspond to the underlying normal-state FS crossings,
as can be seen in Figure 2.5. Calculations of the Bardeen-Cooper-Schrieffer
(BCS) spectral function above and below T, give this result exactly. For the
HTSCs, there is no accepted theoretical result, but it is not unreasonable to
expect that some aspects of BCS theory will apply to the overdoped side of the
phase diagram, where the cuprates are believed to exhibit more conventional
behaviour. In fact, the gap structure shown in Figure 2.5 agrees qualitatively
with BCS theory, with the minimum gap being at the same location as the
Fermi-crossing in the normal state.

The FS found for T12201-OD30 is a hole-pocket centered about (7, 7). As
can be seen by the low binding energy (~39 meV) of the van Hove singularity
in the antinodal direction (see Figure 2.3), the FS appears to be approaching a
topological transition from hole-like to electron-like. The volume of the FS is
63 + 2% of the BZ, which corresponds to a carrier concentration of 1.26 & 0.04
holes/Cu atom. This agrees very well with Hall-coefficient [22] and AMRO
(15, 23] experiments, which found FS volumes of 1.3 holes/Cu atom on a sample
with a T, of 15 K, and 1.24 holes/Cu atom on a sample with a T, of 20 K,
respectively. All of these measurements indicate that the low-energy electronic
structure of highly overdoped TI12201 is dominated by a single CuO band. In
the LDA calculations of Figure 2.3a (cyan, dashed), for undoped T12201, we
see a small electron pocket coming from the T1O band. Neither ARPES nor
AMRO measurements show any evidence for such an electron pocket. This result
should be expected, as the samples under study are sufficiently doped that if the
chemical potential in the LDA calculations is adjusted in a rigid-band fashion,
the TIO band is emptied. Even in the absence of excess oxygen (6 = 0), the
holes introduced by the residual non-stoichiometry (Cu®* substituted for Sr**)

are responsible for ~0.14 hole pér formula unit, which is sufficient to empty
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Figure 2.5: (Left) Change in the BCS spectral function across 7, showing the
opening of the gap, the backward dispersion of the Bogoliubov QPs,
and their intensity decrease upon approaching kr due to the pres-
ence of coherence factors uy, vg. (Right) ARPES results from
Bi2223 showing good qualitative agreement. (Reproduced from
Matsui et al. [21])
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Figure 2.6: Direction of the cuts in momentum space on which ARPES data
were obtained for T12201-OD30 (red). Momentum space is rep-
resented in the repeated zone scheme, with the tight-binding FS
included for reference (blue). Data is seen to cover two irreducible
symmetry units, and multiple BZs.
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the TIO band. In fact, the non-stoichiometry of TI2201 may push the § = 0
system sufficiently far from half-filling to explain why it is not a charge transfer
insulator like undoped LSCO [23]. :

The ARPES (Figure 2.3d) and AMRO (Figure 2.7) Fermi surfaces are in
good agreement with each other, but they are notably rounder than in the -
LDA calculations (Figure 2.3a). The LDA calculations could be improved by
including correlation effects and the effects of doping beyond a rigid-band ap-
proximation. The ARPES data can alternatively be modelled by fitting the
parameters in the tight-binding dispersion [13]

t3
2

t
» +—§-(cos 2k, cos ky + cos k; cos 2k,) + t5 cos 2k, cos 2k,,.

t
e =4+ %(cos k; + cosky) + tg cosk; cosky + = (cos 2k, + cos 2k, )+

The results of the fit are shown in Figure 2.3d (black lines). The fit not only
reproduces the FS, but it also matches the QP energy well at (0,0), and very
well at (,0) (see Figures 2.8f, g). Values for the fit parameters are as follows:
pw=0.2438, t; = —0.725, t; = 0.302, t3 = 0.0159, t4 = —0.0805, t5 = 0.0034.

Figure 2.8 shows the analysis of ARPES spectra taken in the antinodal
region on TI2201-OD30, demonstrating a superconducting gap consistent with
a dg2_,2 form (i.e., cosks — cos ky). It is a standard technique to follow the
opening of the superconducting gap via a shift in the leading edge midpoint
(LEM) as a function of temperature [8]. Unfortunately, it was found that all
angle-dependent information in the ARPES spectra was lost if the cyrostat
temperature got significantly above 10 K. It is not clear whether this is a result
of something extrinsic, like outgassing of the cyrostat, or an intrinsic problem
with surface reconstruction of overdoped T12201 above 10 K. Regardless of its
origin, this effect rendered it impossible for a temperature-dependent study to
be done. Nevertheless, a superconducting gap consistent with a d-wave order
parameter can be clearly seen in the symmetrization of the nodal and antinodal
spectra [24, 25]. While this procedure does not return a quantitative value
for the size of the superconducting gap, it provides a qualitiative criterion for
determining whether or not there is a Fermi crossing, and hence whether or not
a superconducting gap has opened. In the symmetrized spectra, the presence of
a peak in the spectra at Er indicates a crossing. This crossing is clearly seen

in the nodal direction (Figure 2.8a), but not in the antinodal direction (Figure
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r

Figure 2.7: Projection of the AMRO FS onto the a-b plane for Ti12201. The
magnitude of the c-axis warping has increased fourfold to empha-
size the eight loci where k, dispersion vanishes. (Reproduced from
Hussey et al. [15])
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Figure 2.8: (a,b) Symmetrization of the ARPES spectra from along cut I and II
shown in Figure 2.3. (c) Enlarged view of the FS of T12201-OD30
near (m,0). (d) Selected spectra from along cut II in (c); their k-
space positions are indicated by circles of corresponding colour. (e,f)
QP linewidth I and peak position from a Lorentzian fit of the energy
distribution curves along cut II in (¢). (g) QP peak position along
cut III in (c). Black lines in (c,f,g) are the tight-binding results.
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2.8b), which establishes the existence of the d-wave gap.

A more quantitative analysis of the gap was performed by fitting ARPES
spectra from cuts that crossed the underlying normal state FS. The model used
for the spectra was a Lorentzian QP peak plus a steplike background, determined
from the ARPES spectra with k >> kp. This function was then multiplied by the
Fermi function and convoluted with the instrumental energy resolution function
to obtain the functional form that was fit to the data [8]. This procedure for
determining the gap has been done for Bi2212 [26]. Figure 2.8d (inset) shows
good agreement between the raw data and the fit. Since heavily overdoped
cuprates have weaker electron correlations, the good agreement between the
measured QP peak and the Lorentzian is not surprising.

Figures 2.8¢g and f show the peak positions from the fits compared with -
the tight-binding normal state dispersion, near the antinodal region. At higher
binding energies, there is good agreement between the fit peak positions and
the normal state dispersion. At lower binding energies, however, the QP peak
does not reach Ep and instead reaches a minimum at Ap ~ 17 meV and
disperses back to higher binding energy. This behaviour is a standard feature of
Bogoliubov QPs. At the nodal region, the QP peak does cross Ep (not shown),
while at intermediate momenta, a gap smaller than the one at the nodal region
is observed.

The ARPES gap size is often determined by analyzing the LEM (8]. This
procedure, however, is not robust at finite temperatures and finite instrument
resolutions. The LEM is shown to vary rapidly and nonlinearly with both
temperature and resolution. This effect has caused confusion, as the Fermi-
Dirac distribution function for a metal is always equal to 1/2 at Er, making
the LEM of the angle-integrated photoemission spectrum exactly at Er. Even
for a metal, with ARPES spectra, the LEMs at different k-values will vary
widely with temperature and instrument resolutions [27]. Further, the nature
of these variations will be highly dependent on the details of the electronic
dispersion and spectral lineshapes. An important consequence is that at kr,
the LEM is often well above Ep. Analysis on the change of the LEM as a
function of temperature, lineshape, electronic dispersion, error in determining
kr and instrumeht resolution in Bi2212 has been performed and shows that the
discrepancy between the LEM and the QP peak position is on the same order
as the superconducting gap itself for typical experimental parameters, in the
highly overdoped side of the phase diagram [27]. Results showing the evolution

of the LEM with respect to experimental parameters is shown in Figure 2.9.
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Despite the LEM gap not being as robust as the gap determined by QP peak
position, the LEM gap was still determined for T12201-OD30 (ALg = 8 meV),
for comparison with LEM simulations. In fact, the difference between the two
quantities (Ap =~ 2ALg) has been noted for other cuprates (8, 27).

2.2 Momentum evolution of quasi-particle

lineshapes

The momentum evolution of the QP lineshapes depends on the strength and
nature of the many-body effects present in the materials. The shape of ARPES
energy distribution curves (EDCs), however, are affected by not only the band
structure and correlation effects, but also the momentum and energy resolution
of the analyzer, scattering, matrix element effects and the incoherent back-
ground. Providing a criterion for separating ARPES spectra into a QP line-
shape and an incoherent background is a challenging task {28]. Nevertheless,
it is possible to reduce the problems from matrix element effects by choosing
appropriate experimental parameters, such that by subtracting a phenomeno-
logical ARPES background (determined from spectra at k >» k) a sufficient QP
peak can be isolated for a qualitative analysis of QP lineshape as a function of
momentum. For this experiment, circularly polarized 59 eV photons were used.
Circular polarization was chosen in order to minimize matrix element effects,
which can be shown to be most extreme for linear polarization based on sym-
metry arguments [8]. The photon energy was chosen as a result of experience
on other cuprates — specifically, Lag_;Sr,CuQ4 (LSCO) where similar photon
energies were used to reveal structure that had previously been unobservable in
ARPES data [29]. In order to gain more reliable information, data was taken
over multiple BZs, where it was observed that for the same point in the reduced
zone scheme, lineshapes from different BZs were qualitatively very similar.
Turning our attention to the evolution of the lineshapes as a function of
momentum, we see that in the nodal region, as has been previously observed in
photoemission studies of the cuprates, the width of the QP peak increases as a
function of binding energy (Figure 2.8b), as expected from simple phase-space
arguments. This is in sharp contrast to the antinodal region, where the sharpest
peak is found at the bottom of the band. The linewidth T' of the QP peak is
observed to grow from ~30 to ~55 meV as the QP peak disperses from ~39 to
~20 meV binding energy (see Figure 2.8e). Possible origins for this anomalous
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Figure 2.9: Temperature dependence of the model Bi2212 photoemission spec-

tra with no gap included. (a—c) Electronic dispersion curves (EDCs)
for temperatures ranging from 10 to 290 K with 20 K steps; nar-
rowest EDCs corresponding to the lowest temperature. (d) LEM
position as a function of temperature for different instrument mo-
mentum resolutions. (e) LEM position as a function of temper-
ature for different instrument energy resolutions. (f) LEM posi-
tion as a function of temperature for different positions in k. The
lower curves filled with grey in panels (a) and (c) represent the
temperature-dependent background for 10 and 290 K. The bold
curves in panels (d)—(f) show the LEM for typical experimental pa-
rameters R — w = 20 meV, Ry = 0.007 A, k = kp. (Reproduced
from Kordyuk et al. [27])
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behaviour will be discussed later. Another striking feature of the lineshape
evolution is that the QP peaks are much broader in the nodal region than in
the antinodal region (see Figures 2.8a, b). Figure 2.10a presents a compilation of
spectra along the FS contour, with k slightly smaller than kg, corresponding to a
binding energy of ~35 meV. This choice is dictated by the need to be sufficiently
below Er to have the spectra affected by neither the opening of the d-wave gap
nor the anomalous low-binding-energy broadening depicted in Figure 2.8e. A
sharp peak near (m,0) is seen to become progressively broader as (7/2,7/2) is
approached. In order to determine whether this apparent broadening represents
an increase in the QP linewidth T' or merely a loss of spectral weight, the
momentum-independent background, taken from k > kg, is subtracted from
the ARPES spectra as shown in Figure 2.10b (8, 28]. Figure 2.10c shows the
result of integrating the background spectra over varying energy ranges. When
the QP peak is integrated over a small range, there is a drop as a function of FS
angle; i.e., when integrated over a narrow energy window, the QP appears to
lose weight in the nodal region. As the energy window of the integration region
is expanded to 550 meV, however, the spectral weight of the QP peaks is seen
to remain constant. This indicates that this k-dependent broadening is entirely
due to a broadening of the QP spectrum rather than due to matrix element
effects.

2.2.1 Significance of QP peak anisotropy

The observed QP anisotropy of T12201-OD30, with peaks much broader in the
nodal than the antinodal region, is in sharp contrast with the behaviour observed
in underdoped cuprates, where the QP péaks are sharp near (7/2,7/2) and very
broad around (7,0) in the normal state. As doping is increased, the antinodal
QP peaks are observed to gain coherence, but they still remain significantly
broader than the nodal peaks at optimal doping, creating the expectation that
increasing doping will simply render the QP linewidths more isotropic. The
QP peaks are seen to gain coherence at all momenta, but especially in the
antinodal region, in the superconducting state. Even in the superconducting
state, however, ARPES linewidths are still highly anisotropic, with a minimum
at (7/2,7/2) (8. The reverse QP anisotropy observed in T12201-OD30 (Figure
2.11b), and a similar, albeit less pronounced, effect in T12201-OD63 (Figure
2.11a) indicate a trend with respect to doping. The notion that this trend

may be generic in cuprates is suggested by recent ARPES results from z = 0.22
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Figure 2.11: (a) T12201-OD63 and (b) T12201-OD30 spectra at k < kr in the
nodal and antinodal regions.

LSCO [16, 17] showing a reverse QP anisotropy qualitatively similar to that seen
in T12201-OD63. For both x = 0.22 LSCO and T12201-0OD63, T, ~ 2/3T***.

Investigating quantum criticality and phase changes

The QP anisotropy reversal observed could be coincident with the proposed
quantum critical point in the cuprate phase diagram [30]. It has been suggested
that quantum phase transition from a dg2_,2 to a dg2_y2 + idyy order parame-
ter, as a function of some tuning parameter, possibly doping, may give rise to
increased scattering rates of the nodal QPs. At the phase transition, low-energy
bosonic modes would couple to the gapless nodal QPs [31]. While this proposal
provides a convenient mechanism for explaining the broad QP lineshape in the
nodal direction, a complex d;, pairing component (i.e., sin k; sin k) would gen-
erate an order parameter with no nodes. This is inconsistent with the results
from T12201-OD30, which show a clear FS crossing in the nodal region. Heat
transport measurements on T12201 indicate that the superconducting order pa-
rameter has nodes, and further, is consistent with the simplest d;2_,2 pairing
scenario [11]. The TI12201-OD30 data, coupled with the heat transport data,
provides strong evidence that quantum criticality, if it exists, is either not asso-
ciated with the development of an id,, order parameter, or that doping is not,
in fact, the actual tuning parameter.
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ARPES-specific broadening mechanisms

Magnetotransport experiments — where a small magnetoresistance and a weak
T-dependence of the resistivity and cotangent of the Hall angle have been ob-
served — do not indicate the presence of strongly k-dependent scatteriﬁg rates.
While these experiments are performed in the normal state, in contrast to the
ARPES results presented, it may indicate that ARPES-specific scattering mech-
anisms for the nodal QPs, such as elastic forward scattering and the effects of
a non-zero k, dispersion, have to be examined.

The effect of elastic forward (small-angle) scattering due to n; out-of-plane
impurities, such as cation substitution and interstitial oxygen, on the ARPES
spectra has been shown to be suppressed in cuprates in the superconducting
state by a cancellation with an anomalous scattering process for states near the
FS and away from the nodal direction. This anomalous scattering process van-
ishes in the nodal direction [32]. Elastic forward scattering contributes a term
Tip  (n;V2)/(vkp#>) to the normal state electronic scattering, in the limit of
large x~!, where V; and 7! are the strength and range of the impurity poten-
tial, respectively {32]. While Ty, is smaller at the nodes due to a larger Fermi
velocity v, above T, the superconducting state displays the opposite behav-
iour due to cancellation between the normal state scattering and the anomalous
scattering. After this cancellation is taken into account, the forward scattering
rate is reduced by a factor of /w? — A} /|w|, for |w| 2 |AZ] [32]. This behaviour
is not unexpected, as below T, 'k, must be suppressed for electron energies
smaller than the gap size, to conserve energy. In the nodal direction, however,
the forward scattering is still pair-breaking, and no suppression of scattering
rates is expected. This reduction in the forward scattering varies smoothly from
no reduction in the nodal region to a strong suppression of the effects of forward
scattering in the antinodal region, consistent with the observed trend. While
forward scattering may explain why a strong reverse anisotropy of low-energy
QP widths is seen in seen in the ARPES data presented, it does not explain the
origin of the anomalous broadening of the QP lineshape as a function of binding
energy observed in the nodal direction.

AMRO measurements indicate that the FS of T12201 has a coherent, albeit
weak, 3D structure [15]. Data analysis on ARPES spectra from cuprates is
normally based on the assumption of a true 2D FS, neglecting the small c-
axis dispersion. In a true 2D system, spectral features are not affected by the
photon energy other than through changes in the scattering rates and matrix
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clements. This feature is in sharp contrast to 3D systems, where the location
and shape of spectral features change as a function of photon energy due to
momentum conservation requirements. It is precisely momentum conservation,
and a knowledge of the band structure of the unoccupied levels, that allow, in
principle, the determination of the 3D FS by measuring spectra over a range
of photon energies [7]. However, it has been shown that finite lifetimes in the
unoccupied bands result in the ARPES FS crossings being spread over the
projection of the FS onto the a — b plane at all photon energies, for realistic
unoccupied band lifetimes [33]. Case studies on various HTSCs are presented
by Markiewicz et al. [34]. The projection of the AMRO FS onto the a-b plane
(Figure 2.7) reveals that at both the nodal and antinodal regions, there is no
k, dispersion. Thus, by the analysis of Bansil et al. [33], the k. dispersion
should not affect the QP lineshape at either the nodal or the antinodal region,
indicating that if the 3D character is responsible for the anomalous broadening of
the nodal region QP peak as a function of binding energy or the nodal-antinodal
reverse anisotropy, then the mechanism is not at all obvious.

Another candidate for explaining the anomalous behaviour of this system
is microscopic inhomogeneity. It has been shown through STM measurements
that on Bi2212, there is a strong inhomogeneity in the local density of states
(LDOS) [35]. It is suggested by Pan et al. [35] that the the inhomogeneity
in the bulk may give rise to a microscopic modulation in the gap size, and
further, that averaging over a macroscopic spot on the sample, as is effectively
done by ARPES, will produce a broadening in the antinodal region and will
have little effect in the nodal region. Pan et al. [35] use this observation to
explain the lineshape anisotropy around the FS in underdoped and optimally-
doped cuprates. By analogous reasoning, microscopic inhomogeneity may be
responsible for the observed broadening of the antinodal QPs towards lower
binding energies.

2.3 Conclusion

ARPES data taken on overdoped TI2201 indicate two anomalous features. In
the nodal region, the QP linewidths increase as binding energy is decreased.
This is in contrast to what is expected from previous photoemission studies on
optimally and underdoped cuprates, and from phase space arguments. The QP

lineshapes are seen to be broader in the nodal regions than in the antinodal re-
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gions, in contrast to optimally and underdoped cuprates. The trend seen from
comparing T12201-OD30 and T12201-0OD63, together with previously reported
LSCO data, suggest that the anisotropy reversal may be a generic feature of the
cuprates. More measurements, especially with respect to temperature depen-
dence and over a larger range of dopings, as well as theoretical work, is needed to
properly interpret the trends seen from this experiment. Equally importantly,
T12201 has been demonstrated to be an suitable system for single-particle spec-
troscopic studies of the intrinsic properties of the doped CO2 plane. Future
TI2201 ARPES and scanning tunnelling microscopy work promises to progress
our understanding of HTSCs, especially in the overdoped side of the phase di-

agram.
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Chapter 3

Construction of a new
ARPES system

An in-house ARPES system is being constructed at UBC with the goal of im-
proving both energy resolution (to 1.5 meV) and angular resolution (to 0.2°),
with the highest possible sample positioning accuracy. This system is being
designed to be coupled directly to an MBE such that samples can be grown and
passed directly into the ARPES cyrostat without ever being exposed to pres-
sures higher than 5 x 107!0 mbar. Connection to the MBE will allow ARPES
to be done on the vast array of crystal structures that can be grown by MBE,
rather than on the small range of crystals that can be cleaved in vacuo. CaO
and NiO films, with the introduction of appropriate specific point defects, will
be used to generate half-metallic ferromagnets and antiferromagnets, represent
"a new class of magnetic systems, and will be synthesized and studied, for in-
stance. Since the samples grown by MBE are inherently thin films, systems
with much higher resistivities will be able to be studied without the charging
problems found in bulk crystals, so long as a conductive substrate is used.
Beyond the advantages offered by a broader range of samples available for
study, the MBE-grown samples offer a tuning parameter not available in single
crystals — namely, the lattice constants. By choosing substrates with varying
lattice constants, the strain, bond lengths and bond angles of the grown samples
are varied accordingly. This allows the lattice constants on the thin films grown
to be treated as an additional tuning parameter. In ARPES studies of single
crystals, there is always a complication in the interpretation of the results due
to the difficulty in separating the spectral components associated with the bulk
states from those of the surface states. This difficulty is resolved in studies on
thin films, as the concepts of bulk states and surface states are ill-defined in
the limit of thin samples; all electronic states of the film are accessible from the

surface, and all surface states effectively permeate the entire sample, provided
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the film is only a few unit cells thick.

3.1 Elements of the new ARPES system

The fundamental components of an ARPES system are an electron analyzer, a
monochromatic photon source and a cryostat, which has to be designed both to
bring the sa.mple‘to the desired temperature and to be able to accurately move
and rotate the sample. While analyzer resolutions, cryostat temperature mon-
itoring accuracy, cryostat angle-setting accuracy and photon source linewidth
set a limit on the accuracy of ARPES measurements by the system, the mea-
surements can easily be compromised by a number of other factors, such as the
thermal contact between the cold head of the cryostat and the sample itself, the
quality of the vacuum, and, most importantly, residual electric and magnetic
fields inside the analysis chamber, particularly those that vary in time. Intro-
ducing the MBE to the system provides another design challenge in that the
sample grown in the MBE must be able to be passed to the cryostat without
exposing the grown surface to any contaminants. The design constraints used
in designing each of these components are addressed.

3.2 Electron analyzer

To determine the energy and angle of photoelectron emission, a hemispherical
analyzer [36] — the Phoibos 150 CCD manufactured by SPECS - was chosen.
The hemispherical analyzers used in modern ARPES experiments differ from
those described in Moore et al. (2003) in that they have electrostatic lenses
in front of the entrance slit, which are used both to change the energy of the
incoming electron, and to Fourier transform the incoming electron spectrum, fo-
cusing emitted at a given angle and energy to a unique location on the detection
plane, regardless of the location of electron emission. The other major differ-
ence is that analyzers used in ARPES have a 2D electron detector, consisting
of a double-layer multichannel plate (MCP) [36] to amplify the electron signal,
followed by a phosphor screen, onto which the electrons emitted from the MCP
are accelerated. Light generated by the electrons hitting the phosphor screen is
detected by a CCD camera. The implementation of a 2D electron detector al-
lows energies moderately above and below the pass energies, as well as electrons

coming in at angles off normal to be detected. Thus, the energy and emission
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Figure 3.1: The UBC ARPES system (cryostat and transfer system not shown).
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angle of an electron can be determined by the position where it is detected.

The Phoibos 150 CCD has recently emerged as a competitive high-resolution
electron analyzer. While it has yet to be used for ARPES studies on cuprates,
the Phoibos 150 presents several advantages. The Phoibos 150, uses a double
layer of u-metal shielding to screen external magnetic fields, and uses titanium
fasteners, which do not display ferromagnetism regardless of their history, inside
the analyzer body to ensure that the lowest possible residual magnetic fields are
maintained. Another major advantage of the Phoibos 150 is the use of machined
hemispheres, as compared to the traditional forrned hemispheres. Formed parts
have much lower tolerances than machined parts [37], and introduce anisotropic
strain in the formed metal [38], which can allow formed parts to deform as they
stress-relieve over time, thus degrading analyzer accuracy.

A unique feature of the SPECS analyzers is the approach taken with regards
to interpretation of the positions of electrons detected on the 2D detector. This
position, in general, is a nonlinear function of electron energy and angle, and
this function changes as the pass energy and energy window of the analyzer
are varied. The Phoibos 150 CCD is supplied with software that allows the
characterization of the analyzer response function. This response function is
inverted, allowing the SPECS software to return an intensity plot with angle and
energy as linear and orthogonal coordinates. This procedure greatly simplifies
analysis of the data, and is done in real time such that the experimenters can

see clearly what they are measuring.

3.2.1 Analyzer resolution

Test reports for our Phoibos 150 CCD electron analyzer show an ultimate an-
gular resolution of 0.11° and an ultimate energy resolution of 1.0 meV. Since
analyzer resolution is strongly affected by stray electric and magnetic fields
within the analysis chamber, the analyzer was tested in our analysis chamber,
in its final mounting position, to ensure that the measured resolution can in fact
be realized in practice.

The testing apparatus for angular resolution consisted of an electron gun, a
stainless steel target and a slit array. Electrons emitted from the surface of the

target pass through a slit array and into the analyzer. The slits have a width

of 100 pm and are placed 35 mm from the target, corresponding to an angular
opening of 0.16°. The FWHM of the beam from the SPECS EQ 22/35 electron
gun is reported to be as small as 50 um, corresponding to an angle of 0.08°, but
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Analyzer lens

Figure 3.2: Schematic diagram depicting the analyzer angular resolution test
apparatus.

measuring the electron spot size at the time of testing was not possible. The
smallest FWHM for the image of the slit detected by the analyzer during testing
was 0.21°. Subtracting the contributions to this measured angular width due
to the minimum electron spot size and the slit width gives an analyzer electron
resolution of 0.11° according to the following equation:

FWH Mangular resolution =

V FWHszleasured angle — FWHleit width — FWHM2

electron spot*

Note that this value represents an upper limit for FW H Mangular resolution:
since, without a direct measurement of the spot size from the electron gun, it is
impossible to know with certainty that the gun was optimized to produce the
reported minimum spot size.

To produce monochromatic electrons for the energy resolution test, Xe atoms
were bombarded with a He emission. The He lines have a FWHM of 1.0 meV,
and Doppler broadening of the Xe target gas introduces a 3.3 meV width to the
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emitted electrons. Considering the contributions of the He and Xe widths, the
FWHM of the emitted electron linewidth as measured by the Phoibos 150 CCD
of 3.6 meV corresponds to an analyzer energy resolution of 1.0 meV, as a result
of the following equation:

FWHMenergy resolution =

VFWH - FWHM2 - FWHM}

M?
measured angle e UV source oppler”

This calculation, however, does not take into account the stray electric and
magnetic fields produced by the Xe gas cell. The gas cell confines the Xe electro-
magnetically, producing oscillation fields, which are detrimental to the analyzer
resolution. The gas cell is designed such that these fields can be effectively can-
celled outside of the gas volume, but the photoelectrons emitted from the Xe
still need to pass through some region with oscillating fields before they leave
the gas cell. As a result, the 1.0 meV quoted represents an upper bound on the
true value of FW H Menergy resolution-

The impressive results of these tests not only indicate the potential of the
Phoibos 150 CCD for ARPES studies, but demonstrate good shielding by the
p-metal analysis chamber.

3.3 Cryostat and manipulator

The cryostat and manipulator present major design challenges. The ideal cryo-
stat and manipulator combination allows the sample to be accurately positioned,
with three spatial and three angular degrees of freedom, at an arbitrary tem-
perature, without introducing any stray electric or magnetic fields and without
contaminating the vacuum. :

Existing ARPES cryostats consistantly depart from this ideal in two impor-
tant ways. First, the thermal contact between cold head and the sample is weak
in two areas: the cold head and the rotating piece that holds the sample post
is usually thermally linked through gears and copper braids, resulting in a poor
thermal contact, and the clamping of the sample post to the piece that holds
it is not typically sufficiently forceful to ensure good conductivity. Second, the
rotation of the sample-post holder typically introduces a degree of angular un-

certainty much larger than the instrument resolution, and differential thermal
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expansion alters these angles as sample temperature is changed. The difficult
task of avoiding these difficulties has been addressed through a joint initiative
between the UBC ARPES group and Quantum Technologies, a Vancouver-based
scientific instrument manufacturing firm specializing in cryogenics.

To ensure good thermal contact between the cold head and the sample,
the sample holder is clamped directly to the cold head, necessitating a rotat-
ing cold head. This unconventional design feature presents challenges, but its
realization will result in much more robust temperature control and lower ul-
timate sample temperatures. To address the problem of sample positioning, a
computer-numeric control (CNC) indexer is used to operate' a parallelogram-
style actuator that sets the sample angle, with ball-bearing pivots to eliminate
hysteresis in angle-setting.

As well as ensuring intrinsic mechanical accuracy of the cryostat, it is impor-
tant to ensure that this accuracy not be degraded by allowing either deformation
of the chamber, as a result of changing cryostat positions, or vibrations from the
cryopump, to affect positioning accuracy. In order to ensure the rigidity of the
chamber, only spherical and cylindrical elements are used in its construction. To
block vibrations from the cryopump, the frame for the chamber is constructed
from 125 mm diameter aluminum rod.

A flow cryostat and manipulator for the UBC ARPES system has been
designed and is under construction. The coordinate convention followed in the
description of the cryostat is as follows: the z and y axes are parallel to the
ground. z represents translation perpendicular to the analyzer lens, while y
represents translation along the axis of the analyzer lens. z represents vertical
translation. ¢ represents rotation about the z-axis; the sample is normal to
the analyzer when ¢ = 0. z, y, z and ¢ motion are controlled with the z-y
stage manufactured in-house and with custom ¢ and z stages manufactured by
Pink Vacuum. 6 represents rotation about the z-axis when ¢ = 0, and the 8
axis rotates with ¢. w represents rotation about the normal to the sample, and
hence, the w-axis rotates with both 8 and ¢. 8 rotation is controlled by a CNC
indexer, manufactured by HAAS, while w rotation is accomplished manually. 8
and ¢ are meant to be actuated continually during measurements, while w is
meant to define the orientation of the sample, and thus is set at the beginning
of a measurement (see Figure 3.3).

Cryostat cooling is provided by liquid helium. Liquid He enters the cryostat
through a transfer line into a phase separator. Helium gas is exhausted from

the top of the phase separator, where it is used to cool the heat shield, and
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Figure 3.3: Cryostat schematic and coordinate system.
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exits the system. Liquid He leaves the bottom of the phase separator, through
a flow-controlling needle valve and travels to the rotating cold head via a flexible
tube. Exhaust He gas from the cold head is returned via a second flexible tube.

3.3.1 Cryostat materials

The constraints of UHV-compatible materials and materials that do not gener-
ate stray electric and magnetic fields greatly limit the choice of materials for the
cryostat. UHV-compatible engineering materials are restricted to a few types of
glass, some metals, some ceramics and a small number of other materials (36].
Furthermore, of the UHV-compatible metals appropriate for dynamic contact,
which is needed for the angular positioning of the samples, most not ferromag-
netic at room temperature undergo a ferromagnetic transition as they cool to
temperatures appropriate for ARPES measurement, precluding their use. On
top of these constraints, materials chosen must have the right thermal prop-
erties — either good conducting or insulating behaviour — depending on their
locations. Further, the thermal expansion coefficients of candidate materials
must be considered to ensure that the system is not distorted as the cryostat
temperature changes, to prevent deformation and failure of components, and to
ensure that the sample position and angle are not affected by adjustments in
tempefature.

Away from the cold head, temperatures are not as low, and therefore, ferro-
magnetic transitions are less likely, and the presence of small magnetic moments
is acceptable. Thus, for system components away from the cold head, 316 stain-
less steel and UNS C10200 oxygen-free electronic copper were chosen for their
vastly different thermal conductivities [39], with UNS C10200 having a thermal
conductivity at all relevant temperatures more than 1000 times greater than 316.
Further, the coefficients of thermal expansion of these materials are matched to
within 10% at all relevant temperatures [40].

Near the cold head, temperatures are sufficiently low that stainless steel
would undergo a magnetic transition if it were used; thus, it must be abandoned
as a material choice. UNS C10200 is also abandoned in favour of the higher-
purity alloy UNS C10100, as the conductivity near the sample is more critical.
Titanium, 7075-T6 aluminum alloy and beryllium-copper are all used for smaller
high-strength components in this area.

The tubes carrying liquid He to the cold head endure a 3% deformation
as the 9 angle is cycled. Very few metals have a significant fatigue life under
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such strains. Further, most materials become more brittle as they are cooled
from room temperature. Worse, the best spring materials are almost all steels,
and thus are not usable due to their magnetism [41]. Fortunately, nitinol, a
superelastic shape-memory nickel-titanium alloy, was found not only to meet,
but to greatly exceed the design requirements. When nitinol is cooled below
its transformation temperature to its martensite phase, it can undergo 10%
deformation without any irreversible changes. Nitinol becomes more resistant
to fatigue as it is cooled. While data is not available at cryogenic temper-
atures, higher-temperature fatigue lifetimes of over 30000 cycles are reported
for 3% strain. Given the rapid increase in fatigue life as the test temperature
is reduced, it is reasonable to expect a fatigue life of over 107 cycles at typical
measurement temperatures. Nitinol is also thermoformable, allowing the the de-
sired tube shape to be fabricated in-house in an atmosphere-controlled furnace.
Further, thermoforming temperatures between 300-500°C increase the transfor-
mation temperature, resulting in better fatigue lifetimes at room temperature
[42]. Measurements of magnetic properties of nitinol at cryogenic temperatures
are not available in the literature. Thus, the magnetic properties of nitinol down
to 2 K were investigated with a superconducting quantum interference device
(SQUID). Minimal ferromagnetism was detected at these temperatures, and it
was calculated to be insignificant compared to other stray magnetic fields in
the chamber. It was not clear whether the origin of the ferromagnetism was
intrinsic to the nitinol, the result of nickel inclusions, or due to ferromagnetic
contaminants in the SQUID.

The bearings used for the § rotation also presented demanding material
constraints. To maintain UHV compatibility, the bearings cannot be lubricated.
This restriction already presents a challenge for the bearing material, as vacuum
galling and cold-welding occur readily without lubrication [36]. Further, the
bearings have to provide a reliable thermal break between the heat shield on
which they are mounted, which is maintained at ~100 K, and the cold head,
which is designed to cycle between 2 and 300 K. The bearings must also be able
withstand the differential thermal expansion between the inner and outer races
at different temperatures. On top of these requirements, the bearing must also
be non-magnetic. SizN4 ceramic is used as a bearing material for applications
requiring resistance to thermal shock, and is non-magnetic, although it does
have a high thermal conductivity. Nonmetals do not suffer from the galling
and cold-welding problems faced by metallic bearing surfaces, and outgassing

in ceramics is generally not a problem [36]. In vacuum, however, the bulk of
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the thermal resistance of composite objects is often due to the thermal contact
between components. Engineering surfaces are never perfectly flat, and as a
result, contact between two solid surfaces pressed together only takes place
over a few small spots. For this reason, at low temperatures (where thermal
radiation is not a dominant source of heat transfer) the conductance between
mating surfaces depends on the size and number of these small contact points,
which in turn depends on the pressure between the two surfaces. Conductance
across solid interfaces is thus highly dependent on the clamping pressure. The
conductance is found to depend approximately linearly on pressure [43]. SizN4
ceramic is extremely hard (80 Rockwell C), so it is not unreasonable to expect
the contact area, and hence the thermal conductivity, between two SizN4 mating
surfaces to be small despite the high thermal conductivity of the bulk material.
With this line of reasoning in mind, the heat flow across a Si3N4 608 bearing
with an inner and outer races at 66 and 4 K, respectively, was measured, and
found to be 10 mW, rendering the heat load from the bearings much less than
the calculated heat load from thermal radiation. Custom SigNy4 607 ball bearings
with titanium cages have been ordered from Cerobear for construction of the

cryostat.

3.3.2 6 angle manipulation

The 6 angle is set by a HAAS HA5C CNC indexer, which has a positioning ac-
curacy of 0.008°. The top bar of the parallelogram and the indexer are mounted
on top of the manipulator, outside of the vacuum. The moving vertical paral-
lelogram arm is coupled to the vacuum space by edge-welded bellows, while the
cryostat body .and heat shield act as the stationary arm. The cold head itself
acts as the lower parallelogram arm. The coefficients of thermal expansion of
the vertical parallelogram arms are matched, and the arms are thermally tied
together in numerous places to ensure matching temperatures, thereby removing
differential thermal expansion problems from the vertical arms of the parallel-
ogram. The temperature of the cold head is monitored accurately as part of
the temperature-control feedback system, allowing corrections to the indexer
angle due to differential expansion of the upper and lower arms to be calcu-
lated and monitored on the fly. Analysis of the angular error caused by bearing
clearances and differential thermal expansion not already taken into account are

non-trivial, but even the most conservative analysis indicates that it is irrelevant

compared to the angular resolution of the analyzer.
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3.3.3 :z translation

z-motion is accomplished by a relatively standard manipulator. The differences
between stock manipulators and the custom z-stage manufactured by Pink is
mainly size. In order to minimize bending of the cryostat from uneven heat
loads and to hold the complex ¢ manipulation system, a comparatively large
diameter of 100 mm was chosen for the cryostat, which necessitated a larger z-
stage. Further, the 21.8 kg mass of the CNC indexer, hanging over the edge of
the manipulator, is largé enough to distort the stock manipulators and degrade
the angle-setting accuracy. Two massive 40 mm columns provide the Pink
manipulator with the necessary stiffness. The z-stage is equipped with a linear

scale to allow computerized motion control.

3.3.4 ¢ rotation

Due to the size and weight requirements imposed by the CNC indexer and the 2-
stage, the ¢ rotation stage requires a larger bore and greater mechanical strength
than standard rotation stages. Unlike normal rotation stages, where the load is
placed on the seals, resulting in rapid seal-wear, high rotation forces and limited
load-bearing capacity, the bearing force of the Pink stage is supported by a 220-
mm-diameter 4-contact ball-bearing. The ¢ stage is also equipped with a linear
scale for computerized motion control.

3.3.5 z-y translation

The z-y motion is manually actuated. Like the z and ¢ stages, it is larger
than commercially available stages. It is also equipped with linear encoders,
although they are not used for feedback. In order to accommodate the larger
stresses as a result of the large off-axis load and the vacuum pressure from the
larger-area bellows, crossed éylindrical linear bearings are used, and in order to
provide more robust and backlash-free positioning, ball-screws and ball-nuts are

employed [44].

3.3.6 Sample mounting and w rotation

Samples are mounted on a copper “bullet.” The bullet must be grabbed from
the rear by the sample transfer system, as surfaces grown by MBE are rapidly
degraded if they face moving sample manipulation equipment. The cold head

has a hole bored through it, into which the bullet is inserted. Holding the sample
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from the rear necessitates a cryostat that will accept samples from the rear.
While this presents some design challenges, it also offers unique opportunities.
Having an unobstructed view of the front of the sample allows the use of low-
energy electron diffraction (LEED) to monitor the orientation of the sample
while the sample is rotated from the rear, allowing accurate sample positioning.
Further, mechanisms for firm clamping and retraction of the bullet into the cold
head can be mounted to the back of the cold head without interfering with
electron trajectories.

3.3.7 Temperature control

Diode temperature monitors are attached to the cold head and to the inside of
the phase separator, which also contains a liquid-level sensor. Non-inductively
wound heaters are located inside the phase separator and on the cold head.
Below 4 K, the phase separator is filled with liquid, and only the heater on the
cold head is used to control the temperature. The helium exhaust is pumped on
in order to the reduce the liquid temperature to 2 K. At higher temperatures,
liquid helium entering the cold head could undergo explosive boiling, resulting
in temperature instability. Thus, above 4 K, the heater in the phase separator
is used to eliminate liquid helium such that cooling of the cold head is done by

gaseous helium.

3.4 Helium lamp and monochromator

The UBC system uses a helium lamp as its UV source. The source used is the
UVS 300, manufactured by SPECS. The UVS 300 can produce a photocurrent
of 200 nA and has a linewidth of 1 meV. Photons from the UVS 300 enter a
custom polarizing monochromator, also made by SPECS. The unique feature of
the SPECS monochromator is that it allows rotation of the polarization, which
is extremely valuable in ARPES studies due to the polarization dependence
of the matrix elements. In order to expose the sample to maximal intensity,
the photons from the monochromator are conveyed via a copper capillary to
within 5 mm of the sample. The interior of the capillary is elliptical, to preserve
polarization.

The UV source system must be aligned to allow the photon spot to coincide
with the analyzer focus. Given the impressive mass (~300 kg) of the system,

the frame holding the lamp must be able to actively position the lamp, and
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the motion must correspond to rotations about the centre of the flex coupling
between the chamber and the UV source. A frame with these features has been
designed in collaboration with SPECS, and has been manufactured by SPECS.

3.5 Conclusion

The UBC ARPES system is expected to be a unique and powerful tool. Combin-
ing an MBE with an ARPES system allows a much wider range of materials to
be studied, compared with a conventional ARPES system. In order to achieve
the required mechanical and thermal precision, several novel design features
have been introduced, including the use of a rotating cold head, allowing direct
therinal contact to the sample holder, the introduction of thermoformed nitinol
tubing to allow non-magnetic UHV-compatible transfer of liquid helium to the
cold head, and the use of SizN4 ball-bearings as both a non-magnetic, UHV-
compatible pivot point capable of operating at low temperatures, and as a ther-
mal break. With excellent analyzer resolution, the ability to rotate polarization
and a mechanically and thermally accurate cryostat with a broad temperature
range extending to 2 K, the new ARPES system will allow MBE-grown samples

to be studied, which could produce important results for correlated systems in

general, including HTSCs.
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