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We present three research projects on strongly correlated
electron system studies by complementary techniques
such as Resonant Inelastic X-ray Scattering (RIXS), An-
gle Resolved Photo-Electron Spectroscopy (ARPES) and
magnetotransport experiments. Our work covers differ-
ent electron correlated phenomena. One study provides
the electronic structure of the paramagnetic Mott insulat-
ing phase of CayRuQOj. Another study is focused on the
superconducting fluctuations in the normal state of dirty
NbN films. Finally, we have studied the antiferromag-
netic spin excitations in the high-temperature supercon-
ductor Lay_,SryCuQOsy.

12.1 Nature of the Mott-insulating state of Ca;RuQy,

A rich variety of electronic instabilities of the Fermi
sea emerge as a result of manybody interactions. This
leads to fascinating phenomena such as superconductiv-
ity, electron- and spin-density wave orders or Mott metal-
insulator transitions (MIT). Understanding these differ-
ent ground states is important in order to gather a full pic-
ture of a particular problem. In the case of Ca,_,SryRuOy
(x =0,..,2), the two end members form diametrically op-
posed ground states, where Sro,RuQOjy is a potential chi-
ral p—wave superconductor [1] and Ca;RuO4 a Mott-
insulator [2]. Typically, the Mott-insulating state emerges
in systems with a half-filled band and a high ratio of
Coulomb interaction U to the bandwidth W. In CapRuQy,
the ty¢-manifold is occupied by four electrons, producing
a 2/3 filled band, which inhibits a simple explanation of
the ground state [3].

Experimentally, it has been found that in the inter-
mediate composition Caj 55rp5RuO,, metallic transport
properties coexist with a Curie-Weiss behaviour of the
magnetic susceptibility with S =1/2 per Ru-ion. This may
be a possible realisation of a so-called orbital-selective
Mott phase (OSMP), where a Mott gap opens for a sub-
set of bands while the others remains metallic [4].

Angle resolved photoemission spectroscopy (ARPES)
experiments on Caj gSrg,RuOy — the critical composition
triggering the MIT — lead to contradicting interpretations
of the ground state, favouring [6] or disfavouring [5] the
orbital selective Mott scenario.

Extending this idea to CayRuQOy4 implies orbital depen-
dent Mott gaps. Another explanation is the crystal field
stabilisation of the dy, orbitals due to the c-axis compres-
sion of the RuO-octahedra. As a result, the dy, orbitals
are completely filled, and thus band insulating while the
half-filled dy,/dy; orbitals are Mott localized. Relatively
little is known about the low-energy electronic structure
of CapRuQOy and thus impeding a resolution of the effec-
tive ground state.

We have conducted ARPES experiments on CayRuOy
in the paramagnetic Mott-insulating phase at T = 150K,
revealing its band structure. Near the Fermi level, three
bands are observed [Fig.12.1a),b)]. (i) A broadened flat
band, extending throughout the whole Brillouin zone
(C-band). (ii) A fast dispersing band (B-band) evolving
around the zone centers and merging with the flat band.
(iii) Structure in the spectral weight distribution closest to
the Fermi level (A-band).

In conjunction with first-principle calculations per-
formed with Density Functional Theory (DFT) includ-
ing spin-orbit coupling, the observed spectral features
can be explained by introducing a phenomenological self-
energy 3 (w) in the Green’s function §(k,w) = [w —
Hy — S(w)]! [Fig.12.1¢)]. In this fashion, we incor-
porate an enhanced crystal field splitting (Acg) of the
dyxy states and a spectral gap (Ay;/y.) acting on the
dy./dy. states. Furthermore, we performed Dynamical
Mean Field Theory (DMFT) calculations to gain deeper
insight [Fig.12.1d)]. There the Hund’s coupling | and
Coulomb interaction U enter as crucial parameters, shap-
ing the spin- and orbital degrees of freedom of the t5.-
multiplet. We used U = 2.3eV and | = 0.4eV which suc-
cessfully explain correlated phenomena of other ruthen-
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ate compounds [7]. The fast dispersing C-band and flat 3-
band are reproduced and assigned to a dy, and a dy;/dy;
orbital character, respectively. Although not smoothly
connected to the C-band, the A close to the Fermi level
also carries dyy, character. It is found that the dy, orbital
driven bands are completely filled and the dy,/dy bands
are Mott-insulating with a band splitting across the Fermi
level of order U + J. CaRuQy is thus a paradigmatic ex-
ample of a combined band- and Mott-insulator. These re-
sults are published in Nature Communications [8].
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F1a. 12.1 — Band structure of CayRuQOy: (a) ARPES spec-
tra recorded along high symmetry directions with 65 eV
circularly polarised light. (b) Constant energy map at bind-
ing energy E — EF = —2.7¢V. (c) DFT-derived spectra for
CapRuQy, upon inclusion of a Mott gap Dyzlyz = 1.55€V
acting on, dy;/dy; bands and an enhanced crystal field
Acp = 0.6V, shifting spectral weight of the dy,, bands. (d)
DMFT calculation of the spectral function, with Coulomb
interaction U = 2.3 eV and a Hund’s coupling | = 0.4eV.
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12.2 Superconducting fluctuations in the Hall effect in
a NbN thin film

The transition from a superconductor to a normal con-
ductor above the critical temperature T, can be caused by
a lack of phase coherence, leading to phase fluctuations,
or by a destruction of Cooper pairs, leading to (Gaus-
sian) amplitude fluctuations. The nature of the fluctuation
is, for example, still debated in the copper-oxide materi-
als (cuprates). The discovery of a pseudogap in NbN has
made it an interesting system to compare with the cuprate
superconductors [9].

In a recent theoretical paper the Hall effect response of
superconducting fluctuations above T, was calculated for
the amplitude fluctuation regime [10]. This theory has al-
ready been tested successfully on thin films of TaN [11],
which is similar to NbN. However, no pseudogap has
been observed in TaN so far. The constraints of the theory
are that the electrons must behave three-dimensionally
while superconductivity is essentially two-dimensional.
This is the case for our film, where the electronic mean
free path ¢ = 0.2nm is much smaller than the film thick-
ness d = 11.9nm while the coherence length { = 4.3nm
is comparable.

We have performed Hall effect and resistivity mea-
surements on a thin film of NbN with a critical temper-
ature T, = 14.96 K. The most striking feature of the Hall
signal is a sign change from positive in the low-field, fluc-
tuation dominated, region to negative in the high-field,
quasiparticle dominated, region. This effect appears in a
very small temperature range (~ 0.5K) above T, and has
previously been overlooked [12,13]. By subtracting the
quasiparticle response from the Hall signal, which is lin-
ear in the magnetic field strength, we can obtain the pure
fluctuation contribution. The same procedure can be ap-
plied to the resistivity which then leads to the conduc-
tivity tensor of the superconducting fluctuations contain-
ing Aoxx and Aoyy. For low temperatures Aoyy is linear
in field strength and thus the quantity vy = Aoxy/B
becomes a constant (vy) for B — 0. The quantities
—Aoyy and Aoy are shown in Fig. 12.2, plotted against
€ = In(T/T.) =~ (T — T¢)/ Tc. The theoretical prediction
for the fluctuations in the conductivity is

ez 1

Aoy = —— =
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(12.1)
as calculated by Aslamazov and Larkin [14]. The pre-
diction for the Hall conductivity is a rather complicated
expression, but simplifies heavily for the low-field limit,
where it becomes

A(7’xy . |€|DK o2 l
B = 3 16hde?’

(12.2)

Here D is the electron diffusion constant and x is defined



Temperature [K]

15.0 151 153  16.0 17.0 20.0
10° F ~ {10°
S
= C
103} . "oy, 10°
E s g, -
c DA AN R &
S 107l AN ' -1410* =
= < £ =
° s ~ %
e @ S
" 10t E ’\\f 103
0 > 2
100} $. o 10
L N L 8
103 107 101
e=In(T/T,)

FI1G. 12.2 — The low-field value v59 = Aoxy /B for (B — 0)
(left axis) and the paraconductivity Aoy (right axis) as a
function of €. Dashed lines are the predicted dependencies
from Gaussian fluctuation theory without any adjustable
parameters. Horizontal error bars correspond to an uncer-
tainty in T, of 20 mK.

as —dIn(T.)/du, where p is the chemical potential. The
dependence on € and thus temperature is much stronger
for Aoy than for Aoyx. The dashed lines in Fig. 12.2 cor-
respond to these two predictions. As can clearly be seen,
the data follow the predicted behaviour perfectly, show-
ing that the superconducting fluctuations in NbN are am-
plitude fluctuations.

Furthermore, from the value of vy, the ghost critical
field can be extracted, which we define as the value of
the magnetic field, for which vy deviates from the lin-
ear low-field behaviour. We find that the ghost critical
field scales linearly with €. These results are published in
Phys. Rev. B [15].
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12.3 Damped spin-excitations in a doped cuprate su-
perconductor with orbital hybridization

Considerable research is being undertaken in the quest to
reach consensus on the mechanism of high-temperature
superconductivity and the associated pseudogap phase
in cuprates. The energy scales governing the physi-
cal properties of these layered materials therefore re-

main of great interest. It is known that these materials
are characterized by a strong super-exchange interaction
Ji = 4t2/U where t is the nearest-neighbor hopping
integral and U is the Coulomb interaction. To first or-
der, this energy scale sets the band-width of the spin-
excitation spectrum. Resonant inelastic x-ray scattering
(RIXS) experiments have demonstrated that this band-
width stays roughly unchanged across the entire phase
diagram [15,16] of hole doped cuprates. It has also been
demonstrated that the cuprates belong to a regime (of
t and U) where the second order exchange-interaction
J» = 4t*/U® contributes to a spin-excitation dispersion
along the antiferromagnetic zone boundary (AFZB) [17].
Moreover, it is known from band structure calculations
and experiments that the next nearest-neighbor (diago-
nal) hopping integral t' constitutes a non-negligible frac-
tion of t [18]. Empirically [19], the superconducting tran-
sition scales with the ratio '/t whereas Hubbard type
models predict the opposite trend [20,21]. As a resolu-
tion, a two-orbital model — in which hybridization of d»
andd,»_,» states suppresses T; and enhances t' —has been
put forward [22].

Here, we address the question as to how #' influences
the spin-excitation spectrum at, and in vicinity to, the an-
tiferromagnetic zone boundary. We have therefore stud-
ied — using the RIXS technique - slightly underdoped
compounds of La;_,SryCuOs (LSCO) with x = 0.12
and 0.145. RIXS spectra (see Fig. 12.3 (a)-(b)) were ac-
quired along high symmetry directions and the resultant
pole position of the magnetic excitations were extracted
and are presented in Fig. 12.3 (c)-(e). The extracted spin-
excitation dispersion of LSCO x = 0.12 and 0.145 is to
be compared with the magnon dispersion of the parent
compound La;CuO; [17,23]. Along the anti-nodal (%, 0)-
direction comparable dispersions are found. This is con-
sistent with the weak doping dependence reported on
LSCO [16] and the YBa;CuzO;_; (YBCO) system , [15].
For the nodal (, §)-direction, the dispersion of the doped
compound is, however, strongly softened compared to
LayCuOy (as also reported for LSCO x = 0.23 [24]).

The spin-excitation dispersion of doped LSCO is ana-
lyzed using an effective Heisenberg Hamiltonian derived
from a t — t/ — #” — U Hubbard model [25]. Within this
model the zone boundary dispersion can be quantified

by Ezp = w(3,0) — w(g, 1) [26]:
#\?
()

2
112 — <l;l>

A key prediction is thus that Ezp scales as (' /t)? with a
pre-factor that depends on (U /).

This effective Heisenberg model is in principle not
applicable to doped and hence antiferromagnetically dis-
ordered cuprates. However, in the absence of analytical

(12.3)
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F1a. 12.3 — RIXS spectra for anti-nodal (a) and nodal (b)
directions with the indicated in-plane momentum. The fit
(solid green curve) is composed of three components: elas-
tic line (purple), spin-excitation (orange) modeled by an
anti-symmetric Lorentzian function and a quadratic back-
ground (grey). Vertical bars indicate the obtained poles of
the Lorentzian function. (c)-(e) dispersion of the magnetic
excitations in LapCuQy4 (blue squares) and Lap_,SryCuQy
with x = 0.12 (red circles) observed by neutron scatter-
ing and RIXS (Ref. [17] and Ref. [23]), and RIXS (this
work), respectively. Green circles in (c) are extracted from
Lay_,SryCuOy4 with x = 0.145 data. Within the antifer-
romagnetic zone scheme (indicated by the dashed line in
the insert), red and blue cuts ¢ and e are the equivalent
anti-nodal and nodal directions. Solid lines in (c)-(e) are
fits using a Heisenberg model. In (d) the thin dashed line is
the correspective azimuthal scan, for LapCuQy, extracted
from the above mentioned model.

models, the Heisenberg model serves as a useful effec-
tive parametrization tool to describe the damped spin-
excitations. Within a single-band tight-binding model, an-
gle resolved photoemission spectroscopy (ARPES) exper-
iments have found that ' decreases slightly with increas-
ing doping [18,27]. The stronger zone boundary disper-
sion can thus not be attributed to an increase of #'. Fur-
thermore it is not possible to obtain a good fit to the data
using the small value of #’ reported in Ref. [18].

This failure combined with the observation of a re-
duced level splitting between the d,» and d,»_,» states
motivates a two-band model. It has been demonstrated
that d» states contribute to effectively increase the t/
hopping parameter [22]. Furthermore, with hybridiza-
tion of d» and d,2_,» states, a renormalized Coulomb in-
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teraction U is expected. Thus keeping Z = 1.219 as in
LayCuOy [25] and t" = —+'/2, a satisfactory description
(solid line in Fig. 12.3(c)-(d)) of the spin-excitation dis-
persion is obtained for t'/t = —0.38 and U/t = 6.5.
Notice that a similar ratio of #'/t has previously been
inferred from the rounded Fermi surface topology of
TlBayCuOg.x [28,29], a material for which the d,» states
are expected to be much less important [30]. It could
thus suggest that /' /t = —0.4 is common to single layer
cuprates but masked in LSCO due to the repulsion be-
tween thed,> » and d,, bands that pushes the van Hove
singularity close to the Fermi level and effectively re-
shapes the Fermi surface topology [22]. The realistic val-
ues of U and Z, suggest that — for LSCO — the two-orbital
character of this system is an important ingredient to ac-
curately describe the spin-excitation spectrum.

To conclude, we argue that hybridization between d,»
and d,2_,2, which is especially strong in LSCO, leads to
an enhanced t’ and a renormalization of the Coulomb in-
teraction U. Both these effects — consistent with the ob-
servations — lead to a stronger zone boundary dispersion
within the t — # — #/ — U Hubbard model.
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