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Abstract

The structure of the two photorefractive materials Sodiumnitroprusside
(Na2[Fe(CN)5NO]·2H2O, SNP) and Strontiumbariumniobate (Sr0.61Ba0.39Nb2O6,
SBN) is studied by means of single-crystal neutron diffraction, optical absorption
spectroscopy, and susceptibility measurements. The two materials are interesting
for applications in the context of holographic data storage.

In SNP two metastable electronic states (SI and SII) can be excited by irradiation
with light below characteristic decay temperatures of 200 K and 140 K, respectively.
About 50% of the [Fe(CN)5NO]2− anions can be transferred into SI with a light
polarization perpendicular to the quasi four-fold axis N-C-Fe-N-O using a wavelength
of 440 nm-470 nm. Relaxation into the ground state (GS) takes place either by
irradiation with light in the spectral range of 600 nm-1200 nm or by thermal heating
above the decay temperatures. On the other hand illumination with light in the
region of 900 nm-1200 nm transfers about 35% of the anions into SII and the rest into
the ground state. The key question to be answered is the nature of the metastable
states. Currently there are two models to describe the structure of the excited states.
The first model, based on density functional theory (DFT), is claiming an isonitrosyl
configuration for SI (inversion of the nitrosyl-ligand from Fe-NO to Fe-ON) and a
side-on (η2) configuration for SII, while the second model uses a harmonic potential
to describe a NO relaxation.

The electronic orbital level diagrams of the ground state and the two excited
states SI and SII are established from optical absorption measurements. The exper-
imental results are compared to the DFT-calculations of the orbital level diagrams,
which are based on the isonitrosyl and side-on configuration of the metastable states.
The agreement between experiment and calculation is excellent for the ground state,
whereas for the metastable state SI distinct differences show up, which do not allow
an unambiguous assignment of the observed transitions to the calculated orbital level
scheme. For the metastable state SII a reasonable agreement between the observed
and the calculated level schemes is obtained.

The neutron diffraction experiments on the metastable excited state SI of SNP
do not support the model proposing an isonitrosyl configuration of the nitrosyl
ion, whereas x-ray experiments agree with both models. Based on the structural
refinement of the neutron data it is proposed that a small but significant change
in the Fe-N bond length (≈ 0.05 Å) and in the C-Fe-N angle (≈ 3.5◦) are the only
rearrangements in the structure connected with the excitation of the metastable state
SI. This result is consistently found for two data sets with different populations (22%
and 44%) of the metastable state SI.

SBN belongs to the class of oxygen octahedral ferroelectrics possessing tetragonal
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tungsten bronze structure. As in the case of perovskites, the structure is a three-
dimensional network of NbO6-octahedra, which are linked at their corners. The
channels built by this network are either empty or occupied by the Strontium and
Barium atoms. For the determination of the incommensurately modulated struc-
ture of SBN, two large data sets of main reflections and first-order satellites were
collected at the two single-crystal diffractometers TriCS at SINQ/PSI Villigen and
5C2 at LLB/Saclay. The refinement of the structure is done using a five-dimensional
superspace approach with two harmonic modulation waves. It is shown that the
origin of the incommensurate modulation are the disorder on the Strontium- and
Barium-positions in the unit cell, where five Strontium and Barium atoms are dis-
tributed over six sites, and a rotational modulation of the NbO6-octahedra. The
refinement using the harmonic approach yields reasonable agreement factors but
there are indications that the structure needs to be refined with a more elaborate
model. This must be based on the measurement of higher order satellites, which
could not be detected so far. Measurements on the triple-axis spectrometer TASP
at SINQ, where satellite spots at positions not coinciding with the higher order satel-
lites were detected, indicate that a second type of modulation may be present in the
crystal.

SBN crystals can be doped with transition metal elements and rare earths. This
is used to tune the physical properties to the specific application. Therefore the
magnetic properties of two crystals doped with Cerium and Chromium were inves-
tigated. The measurement of the field dependence of the magnetization M(H) and
the temperature dependence of the static magnetic susceptibility χ(T ) is used to de-
termine the number density n of magnetic ions doped into SBN crystals. In the case
of a SBN crystal doped with 20000 ppm Cr3+ this method yields a number density
nCr = 1.67 · 1020 cm−3, which is consistent with other measurement methods. The
measurement of the dynamic susceptibility of SBN:Ce is used to gain information
about the spin-lattice relaxation processes in the material. It is found that a dis-
tribution of relaxation times is involved in the spin lattice relaxation process. This
can be explained by the fact that Ce3+ occupies a Strontium-position in the SBN
lattice, which is disordered due to the incommensurate modulation. Therefore every
Ce3+ ion sees a slightly different environment. This leads to a different energy level
splitting and influences therefore the relaxation time distribution. It is shown that
the Orbach process dominates the relaxation behaviour of SBN:Ce in the tempera-
ture range 10 K-3 K. At the lowest temperatures (down to 1.8 K) the direct process
provides the fastest relaxation time. The Raman process plays only a minor role in
this system in the measured temperature range 10K-1.8 K.
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Zusammenfassung

Die Struktur der beiden photorefraktiven Materialien Natriumnitrosylprussiat
(Na2[Fe(CN)5NO]·2H2O, SNP) und Strontiumbariumniobat (Sr0.61Ba0.39Nb2O6,
SBN) wird mittels Neutronenstreuung, Absorptionsspektroskopie und Suszepti-
bilitätsmessungen untersucht. Diese Materialien sind interessante Kandidaten für
Anwendungen in der holographischen Datenspeicherung.

In SNP können zwei metastabile Elektronenzustände (SI und SII) mittels
Lichtbestrahlung unterhalb von charakteristischen Zerfallstemperaturen von 200 K
und 140K erzeugt werden. Falls die Polarisation des Lichtes im Wellenlängenbereich
von 440 nm-470 nm senkrecht zur quasi-vierzähligen Achse N-C-Fe-N-O des
[Fe(CN)5NO]2−-Moleküls gewählt wird, können ca. 50% der Moleküle in den
Zustand SI angeregt werden. Mittels Aufheizen über die charakteristische Zerfall-
stemperatur oder Lichtbestrahlung im Wellenlängenbereich von 600 nm-1200 nm
können die Moleküle wieder in den Grundzustand zurücktransferiert werden. Mittels
Lichtbestrahlung im Wellenlängenbereich von 900 nm-1200 nm werden ca. 35% der
Moleküle von SI in den Zustand SII transferiert, während der Rest in den Grundzus-
tand zurückversetzt wird. Die Struktur der angeregten Zustände ist umstritten und
es gibt momentan zwei Modelle zu deren Beschreibung. Im ersten Modell, basierend
auf Dichtefunktionalrechnungen, wird eine Isonitrosyl-Konfiguration (Inversion des
Nitrosyl-Liganden von Fe-NO zu Fe-ON) für den Zustand SI und eine side-on
(η2) Anbindung des Nitrosyls für SII postuliert. Das zweite Modell benutzt ein
harmonisches Potential, um eine Relaxation des Nitrosyl-Liganden zu beschreiben.

Die Orbital-Schemata des Grundzustandes und der beiden angeregten Zustände
werden experimentell mittels Absorptionsmessungen bestimmt. Diese Ergebnisse
werden mit den Resultaten aus den Dichtefunktionalrechnungen verglichen, welche
die Isonitrosyl-Konfiguration stützen. Während für den Grundzustand eine her-
vorragende Übereinstimmung zwischen Experiment und Rechnung gefunden wird,
stimmen die Daten für Zustand SI nicht sehr gut mit den gerechneten Energieniveaus
überein. Für den Zustand SII hingegen passen die gemessenen Übergänge gut zum
berechneten Orbital-Schema.

Die Neutronenbeugungsmessung am metastabilen Zustand SI sind nicht im Ein-
klang mit einer Isonitrosyl-Konfiguration, während die Röntgenbeugungsmessungen
mit beiden Modellen kompatibel sind. Aufgrund der Analyse der Neutronenmes-
sungen wird ein Modell vorgeschlagen, in welchem kleine Änderungen in der Fe-N-
Bindungslänge (≈ 0.05 Å) und im C-Fe-N-Winkel (≈ 3.5◦) die einzigen signifikanten
Strukturänderungen sind, die im metastabilen Zustand SI auftreten. Dieses Resul-
tat ist konsistent innerhalb zweier Neutronenbeugungsmessungen an Kristallen mit
verschiedener Population von SI (22% und 44%).
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Das ferroelektrische Material SBN gehört zur Familie der offenen Wolfram-
Bronzen. Wie im Fall der Perovskite besteht die Struktur aus einem Netzwerk von
NbO6-Oktaedern. Diese sind über ihre Ecken miteinander verbunden und bilden
solcherart Kanäle, die entweder unbesetzt sind oder von den Strontium- und Barium-
Atomen besetzt werden. Zur Bestimmung der inkommensurabel modulierten Struk-
tur von SBN wurden zwei Datensätze auf den Einkristall-Diffraktometern TriCS an
der SINQ am PSI Villigen und 5C2 am LLB in Saclay gemessen, wobei Haupt-
Reflexe und Satelliten-Reflexe erster Ordnung in grosser Anzahl gemessen werden
konnten. Die Verfeinerung der Struktur erfolgt im fünf-dimensionalen Superraum,
wobei zwei harmonische Wellen zur Beschreibung der modulierten Struktur benutzt
werden. Es wird gezeigt, dass der Ursprung der inkommensurablen Modulation
sowohl in der strukturellen Unordnung der fünf Strontium- und Barium-Atome
liegt, die über sechs Gitterplätze verteilt sind, als auch eine Folge der Rotation der
NbO6-Oktaeder ist. Die Verfeinerung mit dem harmonischen Ansatz gibt eine gute
Beschreibung der Struktur. Kleine Abweichungen zwischen beobachteter Streudichte
und Modell weisen jedoch darauf hin, dass ein erweitertes Modell die Verfeinerung
noch verbessern könnte. Dazu müssen jedoch Satelliten höherer Ordnung gemessen
werden, welche in den durchgeführten Neutronenstreu-Experimenten nicht gefunden
werden konnten. In elastischen Messungen auf dem Dreiachsen-Spektrometer TASP
an der SINQ wurden Satelliten an Positionen gefunden, die nicht mit den Satelliten
höherer Ordnung zusammenfallen. Dies deutet darauf hin, dass eventuell eine zweite
Art von Modulation benötigt wird, um alle strukturellen Details korrekt zu erfassen.

SBN-Kristalle können mit Übergangsmetallen oder Seltenen Erden dotiert wer-
den, um die physikalischen Eigenschaften des Materials auf die jeweilige Anwendung
hin zu optimieren. In dieser Arbeit werden die magnetischen Eigenschaften von
SBN-Kristallen, dotiert mit Cerium und Chromium, präsentiert. Messungen der
Feldabhängigkeit der Magnetisierung M(H) und der Temperaturabhängigkeit der
magnetischen Suszeptibilität χ(T ) werden benutzt, um die Dichte der eindotierten
magnetischen Ionen in SBN zu bestimmen. Für einen mit 20000 ppm Cr3+ dotierten
SBN-Kristall kann so in Übereinstimmung mit anderen Messmethoden die Dichte
auf nCr = 1.67 · 1020 cm−3 bestimmt werden. Messungen der Frequenzabhängigkeit
der dynamischen Suszeptibilität wurden in Ce-dotiertem SBN durchgeführt, um In-
formationen über die Spin-Gitter-Relaxation zu erhalten. Es zeigt sich, dass eine
Verteilung von Relaxationszeiten auftritt. Dies kann darauf zurückgeführt werden,
dass das Ce3+ einen Strontium-Platz besetzt, auf welchem eine statistische Un-
ordnung auftritt. Deshalb findet jedes Ce3+-Ion eine leicht unterschiedliche lokale
Umgebung vor, was zu einer anderen Aufspaltung der Energieniveaus führt. Im
Temperaturbereich 10K-3K dominiert der Orbach-Prozess das Relaxationsverhal-
ten. Bei tieferen Temperaturen (bis 1.8 K) führt die schnellste Relaxation über den
direkten Prozess. Der Raman-Relaxationsprozess spielt eine untergeordnete Rolle
im Temperaturbereich 10 K-1.8K in diesem System.

vi



Contents

1 Introduction 1

2 Sodiumnitroprusside (SNP) 3
2.1 Absorption spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Experimental and theoretical details . . . . . . . . . . . . . . 8
2.1.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2 Neutron diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 29
2.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3 Strontiumbariumniobate (SBN) 45
3.1 Neutron diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.1.1 Superspace approach . . . . . . . . . . . . . . . . . . . . . . . 47
3.1.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.1.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.2 Macroscopic measurements . . . . . . . . . . . . . . . . . . . . . . . 64
3.2.1 Paramagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.2.2 Experimental results and analysis . . . . . . . . . . . . . . . . 72
3.2.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4 Outlook 79

A Lifetime and oscillator strength from absorption spectra 81

B Character tables 84

C Population of metastable states from absorption spectra 85

D Statistical quantities in single-crystal refinement 87

E Relaxation time of the direct process 89

vii



viii



Chapter 1

Introduction

High knowledge content materials, providing new functionalities and improved per-
formance, will be critical drivers of the innovation in technologies, devices and sys-
tems, benefiting the development and competitiveness in sectors such as information
storage, transport, energy, medicine, and electronics. It is highly desirable to find
new materials in order to make production processes and devices of our every day
life cheap and reliable. However, once such a material has been found one has to
understand the underlying mechanisms important for its application before being
able to optimize its performance. One crucial aspect, and often the first step in
the characterization of a new material, is the determination of its structure. The
present work deals with the characterization of the structure of two materials, which
are photorefractive, i.e they change their refractive index upon illumination with
light, and which may therefore be used as information storage devices:

• Sodiumnitroprusside (Na2[Fe(CN)5NO]·2H2O) where the photorefractive re-
sponse is a local molecular effect based on the light-induced excitation of
metastable electronic states. No additional doping of the material with charge
carriers is needed.

• Strontiumbariumniobate (SrxBa1−xNb2O6, 0.25 ≤ x ≤ 0.75) where the pho-
torefractive effect is based on the nonlinear optical properties of the crystalline
material. This material can be doped with transition metals and rare earths
in order to enhance the photorefractive response.

The long-living (> 107 s at low temperatures) metastable electronic states in Sodium-
nitroprusside [1] are investigated by absorption spectroscopy and neutron diffraction.
These two methods yield information about the electronic and nuclear structure of
the material in the different states. The complementary experimental results of both
methods are compared with different models in order to draw conclusions about the
nature of the metastable states, in particular whether the light-induced excitation
of the metastable states is connected with a change in the chemical structure.

Single crystals of Strontiumbariumniobate are investigated by neutron diffraction
and magnetic susceptibility measurements. The incommensurately modulated struc-
ture of a pure SBN crystals is determined using neutron diffraction. The magnetic
properties of SBN crystals doped with Cerium and Chromium are investigated by
macroscopic measurements. These experiments yield additional information about
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the local environment of the dopants, which is needed as input for the various mod-
els describing the photorefractive properties of SBN crystals [2]. The origin of the
relaxor behaviour of the ferroelectric phase transition in SBN is still under discus-
sion. Recently [3, 4], the relevance of random fields has been proposed in order to
explain the smearing out of the phase transition. Here an exact knowledge of the
local structure and hence a very detailed description of the incommensurate mod-
ulation is desired, in order to estimate the influence of the modulated structure on
the random fields and on the pinning centers of the ferroelectric domains.
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Chapter 2

Sodiumnitroprusside (SNP)

Light-induced metastable states are of fundamental importance for basic research
and technological applications in the field of holographic information storage. In
long-living photoexcited states the electron density is adjusted to the new relaxed
nuclear configurations possibly combined with a change of the dipole or higher elec-
tronic moments of the whole system. This new kind of photorefractive effect [5, 6, 7]
is a local molecular photorefractive effect and opens the possibility of volume holo-
graphic data storage without any additional doping of the material with charge
donors. Concomitant with the rearranged electron density new electronic transitions
appear in the near infrared and ultraviolet spectral range [8], so that holograms can
be written in this very large spectral range, yielding a modulation of the refrac-
tive index of ∆n = 1.14 · 10−3 [6], which is an order of magnitude higher than in
photorefractive oxides like BaTiO3 [9].

Extremely long-living metastable states can be excited in complexes contain-
ing the nitrosyl-ligand NO like [MLx(NO)]n, M being a transition metal, e.g. Fe,
Ni, Ru, Os, Mo, and n being the formal charge of the complex. The ligands Lx

vary from atoms (F, Cl, Br, J,etc.) to complex-ligands (CN, NH3, NO2, etc.)
[10, 11, 12, 13, 14]. New compounds containing N2 instead of NO as the active
ligand were found recently [15], showing that these metastable states base on a com-
mon physical effect. The fundamental and necessary electronic transition for the
excitation produced by the illumination is the excitation from occupied (mainly d)
orbitals of the central atom M into the empty anti-bonding π∗-orbital of the active
ligand (NO, N2, etc.) from which a relaxation into the metastable states occurs. If
the lifetime in the anti-bonding π∗-orbital is long enough, e.g. in the range of nano-
to microseconds, the structure relaxes into a new stable configuration and the ex-
cited electron thermalizes radiationless into the long-living metastable states. Such
a charge transfer transition (d→ π∗) is needed for the formation of the metastable
states. This picture is supported by calculations using density functional theory
(DFT)[16, 17, 18, 19, 20]. Up to now two metastable states SI and SII, which can be
excited by irradiation with light below characteristic temperatures, are known. The
highest decay temperature for SI was found in [Ru(NH3)5NO]Cl3 to be 273 K [14].
The decay temperature is not a sharp transition temperature. It is determined by
dynamic differential scanning calorimetry (DDSC) measurements and describes the
temperature of the peak maximum of the heat flow and is therefore dependent on
the heating rate. The decay follows an Arrhenius law and the fraction α of excited
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Figure 2.1: Schematic drawing of the potential V for the four-level system GS,
π∗(NO), SI, SII in SNP as a function of the reaction coordinate Q (rl:radiationless
transition, th:thermal excitation, hν: light irradiation).

molecules decaying in time t is given as

dα

dt
= Z(1− α) exp

(
− EA

kBT

)
(2.1)

where Z is the frequency factor and EA the activation energy [21].
Na2[Fe(CN)5NO]·2H2O (SNP) is the most investigated system in this class of

compounds [22, 23]. In SNP the decay temperatures of SI and SII are lying at about
198 K and 147 K, respectively. These states are separated from the ground state (GS)
by potential barriers of 0.7 eV (SI) and 0.5 eV (SII), as determined from DSC mea-
surements [21]. They can be excited by irradiation with light in the spectral range
of 350 nm-580 nm. The maximum of about 50% of the [Fe(CN)5NO]2−-molecules
can be transferred into SI using light of wavelengths 440 nm-470 nm polarized per-
pendicular to the quasi fourfold N-C-Fe-N-O axis . Relaxation into the ground state
takes place either by illumination with light in the spectral range of 600 nm-1200 nm
or by increasing the temperature to overcome the potential barriers. Illumination
with light in the region of 900 nm-1200 nm below the decay temperature of SII trans-
fers about 30-35% of the molecules from SI into SII and the rest into the ground
state [24]. Irradiation with light excites the electrons from the GS into the π∗(NO)-
orbital. These excited electrons relax into the minimum of the π∗(NO)-potential. At
the crossing point of the potentials of GS and SI the relaxation back into GS or into
SI occurs together with the thermalization process, since no luminescence is observed
in the spectral range of 300 nm-3000 nm. The high potential barriers of 0.7 eV (SI)
and of 0.5 eV (SII) cause the stability of SI/SII at sufficiently low temperatures. The
irradiation of SI in the range of 600 nm-1200 nm leads again to the excitation of the

4



O1

O1
O1

O1
N4

N4

N4
N4

Fe
Fe Fe

GS SI SII

Figure 2.2: GS, isonitrosyl (SI) and side-on (η2) (SII) configuration of SNP, as
proposed by Carducci et al.[28].

π∗(NO)-orbital, from which a relaxation into GS or into SII occurs. The four-level
system GS, π∗(NO), SI, SII (Fig. 2.1) describes the population, depopulation, and
transfer between GS, SI, and SII completely [25].

The new states SI, SII are lying energetically about 1 eV above the ground state
[24]. From the structural point of view there are two different results: Based on
neutron diffraction experiments it was proposed that only the Fe-N and N-O bond
distances are elongated by a small amount [26, 27] whereas x-ray diffraction results
can be explained also with an isonitrosyl configuration (inversion of the nitrosyl
ligand from Fe-NO to Fe-ON) for SI and side-on (η2) configuration of the nitrosyl
ligand for SII [28], so that the reaction coordinates Q for the two excitations are either
the rotation angle φSI=180◦ for the isonitrosyl configuration (SI) or the rotation
angle φSII=90◦ for the side-on configuration in SII (see Fig. 2.2). DFT calculations
showed, that the isonitrosyl and side-on configurations are indeed stable energetic
minima. For SI the quasi C4v(4m) symmetry of the [Fe(CN)5NO]2− molecules is
conserved, whereas for SII it is reduced to Cs(m), thereby lifting all degeneracies of
vibrational bands and electronic orbitals, as detected by vibrational [8, 11, 29, 30]
or polarized absorption spectroscopy [31].

In the first part of this chapter the absorption spectroscopic measurements, which
were performed in order to determine the symmetry and the energetic positions
of the electronic transitions of the ground state and the two metastable states SI
and SII of Na2[Fe(CN)5NO]·2H2O, will be discussed. The orbital-level diagrams
of the ground state and the two excited states are constructed from the results
of these measurements and they are compared with DFT calculations using the
isonitrosyl configuration for SI and the side-on configuration for SII. Besides this
general information about the electronic structure, the absorption experiments yield
also basic information about the population dynamics of the metastable states [31].

In the second part of this chapter neutron diffraction experiments on the ground
state and the metastable state SI of Sodiumnitroprusside are presented. They were
performed in order to get a direct evidence of the proposed isonitrosyl configuration
for SI. The neutron scattering technique is the key probe to answer this question
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as it provides easy distinction between N and O due to their sufficiently different
scattering lengths [32]. Furthermore, the interaction of the neutron with the sample
is weak (Eneutron ≈ 100 meV compared to Ex−ray ≈ (40−100) keV) and therefore the
metastable states are not disturbed by the measurement technique. The metastable
state SII was not investigated by neutron diffraction for two reasons. First, only
about 35% population of SII can maximally be reached. Therefore in a neutron
diffraction experiment with large and optically imperfect crystals, the available pop-
ulation of SII of around 5-10% is at the lower limit for a reliable data refinement.
Second, the maximum population of SII can only be reached, when first exciting
SI in the wavelength range 440 nm-470 nm and transferring afterwards into SII with
wavelengths in the spectral range of 900 nm-1200 nm. This complicates substantially
the determination of the actual population of SII, which is needed for an accurate
refinement of the structure.
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Figure 2.3: Unit cell of SNP. The quasi-fourfold axis N1-C1-Fe-N4-O1 of the
[Fe(CN)5NO]-molecule is indicated. Note that the c-axis is perpendicular to the
quasi-fourfold axis.
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2.1 Absorption spectroscopy

2.1.1 Experimental and theoretical details

Single crystals of orthorhombic Sodiumnitroprusside (SNP) Na2[Fe(CN)5NO]·2H2O,
space group Pnnm (No. 58), four molecules per unit cell [33, 34], were grown from
aqueous solution and cut perpendicular to the crystallographic axes. Specimens of
area 20mm×10 mm were ground to thicknesses between 0.5mm and 0.04mm using
a mixture of Al2O3 and propanol and finally treated with a mixture of water and
propanol. They were mounted on a sample holder diving into a nitrogen-filled quartz-
dewar. The temperature is kept constant at 100 K. The expanded beam of an Ar+-
laser (λ=476.5 nm) strikes the sample perpendicular to the quartz entrance window
with an intensity of IL=80 mW/cm2. In order to reach the maximum-population of
50% of the metastable state SI, a total exposure of about Q = IL · t=2800 Ws/cm2

(for a sample of 0.25 mm thickness) is needed [24], and the laser beam has to be
polarized parallel to the c-axis of the crystal, perpendicular to the quasi-fourfold
(N1-C1-Fe-N4-O1)-axis of the anion (see Fig. 2.3). The absorption spectra were
measured with a two beam spectrophotometer (Perkin-Elmer) equipped with a Glan-
Thompson-polarizer and a quartz-dewar (see Fig. 2.4). The wavelength resolution
was ∆λ=4 nm over the whole spectral range of 220 nm-1200 nm. The spectra are
deconvoluted by fitting a sum of Gaussian curves to the corresponding electronic
transitions. A horizontal baseline is used, since the transmission was not corrected
for the reflection at the surface of the crystal, which is given by the refractive indices.

Irradiation with a wavelength of λ=476.5 nm produces simultaneously about 2%
of SII and about 45% of SI. By heating the crystal to T=150 K, SII can be completely
depopulated so that only the absorption caused by GS and SI is measured. The
transfer of SI into SII can be performed by irradiation with light of the wavelength
λ=1064 nm [24]. With an exposure of Q = 250 Ws/cm2 the maximum population
of about 35% of SII is reached and SI is completely depopulated, so that only GS
and SII are present. As evidenced by isosbestic points (points where the absorption
coefficient α is independent of the population of the different states) in the blue, red
[35] and infrared spectral range (see below), the population of SI and SII results in
a decrease of the number density nGS of the molecules in the ground state so that
there exists a spectral region, where only the behaviour of the ground state can be
detected. The population P (Q), e.g. of SI, is given by the ratio of the number
density of the molecules

P (Q) =
nSI(Q)
ntot

(2.2)

and depends on the exposure Q = IL·t, given by the product of constant light
intensity IL and irradiation time t. The total density of molecules ntot must be
constant

ntot = nGS + nSI = const. (2.3)

At Q = 0, ntot is the number density in the ground state:

ntot = nGS(Q = 0) (2.4)

known from the structure [34] as ntot = Z
Vunitcell

= 3.5 · 1021 cm−3. Therefore

P (Q) =
ntot − nGS

ntot
=

nGS(Q = 0)− nGS(Q)
nGS(Q = 0)

. (2.5)
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Figure 2.4: Schematic drawing of the experimental setup for the absorption mea-
surements.

By measuring the absorption coefficient α in the spectral region where only the
ground state is present:

αGS(Q) = nGS(Q) · σ(λ), (2.6)

whereby σ(λ) is the wavelength-dependent cross-section, the population can be de-
termined as a function of exposure by

P (Q) =
αGS(Q = 0)− αGS(Q)

αGS(Q = 0)
. (2.7)

With this information the deconvolution of the decreased absorption bands of the
ground state and the new bands of SI or SII is straightforward.

The measured spectra are evaluated by fitting Gaussian functions on every ab-
sorption band. Neglecting the almost isotropic refractive indices [7], one can estimate
the lifetime of excited charges in the π∗(NO) and the energetically higher orbitals,
using [36]

A21 =
1

τ21
=

8πc

ni

g1

g2
ν̃2
21

∫
α(ν̃)dν̃. (2.8)
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ni (i=GS,SI,SII) is the number density of the molecules, ν̃21 = ν̃12 is the wavenum-
ber at the maximum of the absorption band, c is the velocity of light,

∫
α(ν̃)dν̃

is the integral over the measured absorption coefficient (Gaussian band), ν̃ is the
wavenumber in cm−1, and g1, g2 are the degeneracies of the starting and excited
state, respectively. A sum of Gaussian bands is fitted to the wavenumber dependent
absorption coefficient α(ν̃):

α(ν̃) =
n∑

i=1

α(ν̃)max,i exp[− ln 2
(ν̃ − ν̃max,i)2

Γ2
i

] (2.9)

where α(ν̃)max,i is the maximum of the absorption band i and Γi is the full width
at half maximum (FWHM) of the band i. The spontaneous transition probability
A21 is connected with the oscillator strength f21 by

f21 =
mc

8π2e2

1
ν̃2
21

A21 =
mc2

πe2ni

g1

g2

∫
α(ν̃)dν̃ (2.10)

where m and e are the electron mass and charge, respectively. The derivation of
the relations 2.8 and 2.10 is given in Appendix A. The assignments of the measured
transitions are based on the polarization analysis of each observed transition and on
the calculations of the total and partial density of states, using density functional
theory (DFT).

For the polarization analysis elementary symmetry arguments are used. The
[Fe(CN)5NO]-molecules are lying with their quasi-fourfold axis (N-C-Fe-N-O) in an-
tiparallel couples in the a-b-plane of the unit cell as shown in Fig. 2.3. The angle
α between the C-Fe direction and the a-axis is 37.2◦. Other angles are: ∠(Fe-N,a-
axis)=34.0◦ and ∠(Fe-O, a-axis)=32.4◦ [27]. As the c-axis is perpendicular to the
N-C-Fe-N-O axis, light with the electric field vector E parallel to the c-axis rep-
resents a special polarization direction. In C4v(4m) dipole-allowed electronic tran-
sitions have e-symmetry for E‖c-axis and a1-symmetry for E‖(Fe-N-O) (character
Tables B.1, B.2 are given in the Appendix). Using the same notation as in the DFT
calculations [16] for the ground state, the following transitions are symmetry al-
lowed: 2b2→7e (E‖c), 6e→7e (E‖Fe-N-O), 6e→3b1 (E‖c) and 6e→5a1 (E‖c). The
transitions 2b2→3b1 and 2b2→5a1 are dipole-forbidden, but vibrationally allowed
when coupling to modes with corresponding symmetry.

The density of states (DOS) and the partial density of states (PDOS) are cal-
culated1 for the SNP crystal in GS-, SI-, and SII-conformation using the DMol3

density functional method [16, 37, 38]. The isonitrosyl configuration for SI and the
side-on configuration for SII is assumed (see Fig. 2.2) in order to have well defined
potential minima and to compare the calculated results with our measurements. The
BP-functional [39, 40] is used. Integration in k-space is done with an unshifted 4 4 4
mesh, and the PDOS is calculated from the Mulliken analysis with the tetrahedron
integration method. The PDOS gives information about the orbital character and
overlap as a rough estimate of the matrix elements, yielding therefore information
about the observability of the transitions. The energy separations are first order
estimates for the excitation energies, whereby the final state electronic relaxation is
neglected.

1all calculations were performed by B. Delley, Condensed Matter Theory Group, PSI Villigen
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2.1.2 Experimental results

Transitions of the ground state

The electronic absorption spectra of SNP in the ground state are needed for the
comparison with those of the metastable states and for the explicit assignment to the
group theoretical considerations. Absorption spectra of a solution of SNP in water
at room temperature are presented in Fig. 2.5 (see also Refs.[41, 42]). These spectra
exhibit all the possible transitions which can be resolved and detected over the
whole spectral range at room temperature. The parameters refined to the observed
transitions are summarized in Table 2.1. The observed transitions are the same as
those measured by Manoharan and Gray [43].
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Figure 2.5: Transitions of GS in the solution of SNP in H2O.

Table 2.1: Fitted parameters to the absorption spectra of the solution of SNP in
H2O at room temperature

GS νmax (cm−1) νmax (eV) A (106 cm−2) Γ

2b2→7e 19125±80 2.37 0.41 3800±200
6e→7e 25100±100 3.11 2.87 6000±500

2b2→5a1 30600±100 3.79 3.72 3500±200
6e→5a1 37100±100 4.60 19 4700±300
6e→3b1 44500±200 5.5 127 8300±800
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Figure 2.6: Transitions of GS in single crystals of SNP a) E‖c. b) E‖a.

Polarized absorption spectra of single crystals of SNP, as shown in Fig. 2.6 at
room temperature as well as at T=100 K, are then measured in order to gain more
information about the nature of those transitions and to get a good reference for the
subsequent experiments on the metastable states. All measured absorption bands
are polarized. Due to the strong absorption in the UV-region, transitions at energies
higher than 4.5 eV (∼ 36300 cm−1) cannot be detected with the used spectrometer
and the available single crystals. The preparation of single crystals is limited to a
minimum thickness of 40µm. The parameters (position ν̃max, FWHM Γ, and area
A) refined to the observed transitions using the polarization of the probing light
along the c- or a-axis of the crystal are presented in Table 2.2. Further, using Eq. 2.8
and Eq. 2.10, the lifetime τ of the excited states and the oscillator strength f can be
determined, knowing the degeneracies g1,2. The assignments are given in the first
column. The observed transition energies ν̃exp

max (eV) are compared to the calculated
energy differences ν̃calc

max in the last two columns.

The transition at about 20000 cm−1 is twice as strong for E‖c compared to
E‖a, therefore it is assigned to the transition 2b2→7e , which is symmetry allowed
perpendicular to the quasi-fourfold axis of the molecule. The second transition
at about 26000 cm−1 is slightly stronger for E‖a. It is assigned to 6e→7e, being
much broader than the first transition. The third transition at about 31700 cm−1 is
narrower and shows a distinct temperature dependence of its position and size. It is
therefore assigned to the vibrationally allowed transition 2b2→5a1. As the phonons
freeze in with decreasing temperature the absorption strength of this band decreases.
In order to confirm that the assignment of the transition 2b2→5a1 is correct, the
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temperature dependence of its intensity (area) was measured, as shown in Fig. 2.7.
Fitting a simple Debye-behaviour

A = A0 cosh
(

hν̃

2kBT

)
(2.11)

to the given temperature-dependence, a wavenumber of ν̃=153±12 cm−1 is obtained,
which is in agreement with the wavenumber of the δ̃(C-Fe-N) and δ̃(C-Fe-C) defor-
mation modes (152 cm−1) with e-symmetry [44]. As known from the spectrum mea-
sured on the solution of SNP, the fourth band is lying approximately at 37700 cm−1.
Therefore the measured part of this absorption band is fitted using constraints for
its position, thereby getting the presented result. Its assignment to the transi-
tion 6e→5a1 is tentatively but agrees with the assignment of Manoharan and Gray
[43]. In the measurements with E‖a one further narrow transition is observed as a
shoulder in the fourth absorption band. It is assigned to the transition 2b2→3b1

(dipole-forbidden), because it is narrower than all other transitions and also exhibits
a strong temperature dependence.

Transitions of the metastable state SI

For the assignment of the new electronic transitions and for the understanding of
the metastable states it is important to detect the decrease of the absorption bands
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Table 2.2: Parameters refined to the absorption spectra of GS in single crystals of
SNP at T=100K.

‖c ν̃max (cm−1) A (106 cm−2) Γ(cm−1) τ (µs) f (10−3) ν̃exp
max ν̃calc

max (eV)

2b2→7e 20196±80 0.32±0.02 3775±100 72 0.051 2.50 2.204
6e→7e 25753±100 1.12±0.04 5380±200 6.3 0.36 3.19 2.638

2b2→5a1 31776±100 1.72±0.08 3560±100 2.7 0.55 3.94 4.156
6e→5a1 37700±100 5.5±0.5 4220±300 0.30 1.8 4.67 4.59

‖a ν̃max (cm−1) A (106 cm−2) Γ (cm−1) τ (µs) f (10−3) ν̃exp
max ν̃calc

max (eV)

2b2→7e 19792±80 0.16±0.01 3745±100 150 0.026 2.45 2.204
6e→7e 25956±100 1.30±0.04 5060±200 5.4 0.42 3.22 2.638

2b2→5a1 31754±100 1.21±0.08 3330±100 3.8 0.39 3.94 4.156
2b2→3b1 33800±100 0.84±0.06 1900±100 4.9 0.27 4.19 4.799
6e→5a1 37600 9.5±0.8 4700±300 0.17 16.1 4.66 4.59

of GS and the increase of the absorption bands of SI while populating the single
crystals. In Fig. 2.8 the absorption spectra for different exposures Q are shown.
The crystal thickness was 0.06 mm. After each irradiation cycle the crystal was
heated to 150 K in order to eliminate SII, therefore only GS and SI were present.
For the measurement with the polarization of the probing light E‖c (Fig. 2.8a) two
characteristic isosbestic points at 17800 cm−1 and 26650 cm−1 are observed. Within
this interval the absorption bands of GS decrease, whereas at lower and higher
wavenumbers the new bands of SI appear. Clearly the new band at 13000 cm−1 can
be assigned to SI. As explained above the existence of the isosbestic points allows
to determine the population of SI directly from the absorption spectrum by using
Eq. 2.7. No wavelength shift of the absorption bands can occur, only the area of the
bands can be changed. Fig. 2.9a shows the absorption spectrum at Q = 2500Ws/cm2

measured with E ‖c and its deconvolution. The population of SI, PSI(Q) = 45%, is
determined using Eq. 2.7. Therefore the areas of the GS-transitions are fixed at 55%
of the values given in Table 2.2 for the deconvolution. No further absorption bands
can be observed at wavenumbers below 9000 cm−1.

The analysis of the spectra measured with light polarized along the a- or b-axis is
more involved. As presented by Imlau et al. [45], holographic gratings are written by
irradiation with only one laser beam (i.e. without a reference beam). These gratings
can be read with light polarization along the a- or b-axis. This effect has to be
taken into account when analyzing the data. Reading these gratings means that the
incoming light is diffracted around the primary beam. The diffracted light is detected
by the spectrometer as an additional extinction, because it misses the area of the
photomultiplier. As can be seen from Fig. 2.8b beside the characteristic decrease
and increase of the absorption bands of GS and SI, the baseline increases over the
whole spectral range and a narrow extinction band arises at ν̃=20267 cm−1 and shifts
to ν̃=19914 cm−1 while increasing the population of SI. A systematic study of this
extinction, which is characteristic for reading holographic gratings, is presented in
[46]. The shift of the narrow extinction band can be used to determine the population
of SI, as explained in the Appendix (see Fig. C.1 ). For the deconvolution of the
spectra, shown for a population of 45% in Fig. 2.9b (a new crystal was used for
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the measurement with E‖a), a horizontal baseline is chosen. The fit deviates from
the measured spectrum in the range of the narrow extinction band and the strong
UV-bands. It seems that the holographic light scattering is more pronounced than
considered by describing it with a horizontal baseline. The narrow extinction band
shows an asymmetric behaviour on its high-energy side, which is a clear indication for
the existence of further scattering contributions. Moreover the very strong increase
of the absorption above 22000 cm−1, compared to the measurement with E‖c-axis,
prevents a more precise fit to the data in this spectral range. Therefore the bands
of the ground state are fixed at 55% of their area during the fit, and one new band
for SI is adapted to the curve as indicated in Fig. 2.9b. In this spectral range an
absorption of amplitude 20 cm−1 remains unassigned. The parameters refined to the
transition of SI are summarized in Table 2.3.

Fig. 2.10 shows the absorption spectra in the UV-region. Here it is impossible to
measure the spectra in the fully populated crystals as the absorption is too strong.
Therefore the increase of SI as a function of the exposure Q was measured again,
whereby at each cycle SII was depopulated by heating to 150 K. For the measure-
ment with polarization E‖c (Fig. 2.10a) the isosbestic point at 26650 cm−1 appears
again, whereas for the measurements with E‖a the appearance of holographic light
scattering complicates the analysis of the spectra. Nevertheless for both polariza-
tion directions two new absorption bands can be found by looking at the differences
between consecutive spectra. Fig. 2.11a shows the deconvolution of SI at an expo-
sure of Q = 126 Ws/cm2 for E‖c. Using Eq. 2.7 the population of SI is determined
as 3%. Therefore the GS, weighted by 97%, is subtracted from the experimentally
observed spectrum, thereby obtaining the presented difference spectrum. Fig. 2.11b

16



34x10332302826
wavenumber (cm-1)

400

300

200

100

0

α 
(c

m
-1

)

34x10332302826
wavenumber (cm-1)

a) E||c b) E||a

I

I

II

II

 SI, T=100K
 fit
 I  2b2,6e -> 5a1, SI
 II 2b2,6e -> 3b1, SI

 

 SI, T=100K
 fit
 I  2b2,6e -> 5a1, SI
 II 2b2,6e -> 3b1, SI

Figure 2.11: Deconvolution of the spectra of SI in the ultraviolet spectral range,
obtained by subtracting the contribution of GS. a) E‖c. b) E‖a.

Table 2.3: Parameters refined to the absorption spectra of SI in single crystals of
SNP at T=100K. * 45%, †3%, ‡2% population.

‖c νmax(cm−1) A (106 cm−2) Γ (cm−1) τ (µs) f (10−3) ν̃exp
max ν̃calc

max (eV)

2b2,6e→7e 13230±80 0.16±0.01* 4288±100 75 0.12 1.64 1.26,1.73

2b2,6e→5a1 30900±500 0.63±0.05† 3600±500 0.23 6.7 3.83 3.82,4.29

2b2,6e→3b1 35200±500 0.61±0.05† 4300±500 0.09 13 4.36 4.82,5.30

‖a νmax (cm−1) A (106 cm−2) Γ (cm−1) τ (µs) f (10−3) ν̃exp
max ν̃calc

max (eV)

2b2,6e→7e 13050±80 0.36±0.02* 5490±100 31 0.28 1.62 1.26,1.73

2b2,6e→5a1 29300±500 0.73±0.05‡ 3400±500 0.15 12 3.63 3.82,4.29

2b2,6e→3b1 32000±500 0.73±0.05‡ 3000±500 0.06 23 3.97 4.82,5.30

shows the deconvolution of the difference spectrum of SI measured with E‖a and
a population of 2%. The population P is determined from the exposure Q (as the
P (Q)-dependence was determined for the spectra in Fig. 2.8b from the shift of the
narrow extinction band). The refined parameters for SI in the UV-regime are sum-
marized in Table 2.3. The final assignment of the transitions, which are indicated in
Table 2.3, will be made in the discussion and is based on the DFT calculations.
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Transitions of the metastable state SII

SI can be partially transferred into SII by irradiation with light of the wavelength
λ=1064 nm[24]. With this technique a maximum population of about 35% of SII is
reached. Fig. 2.12 shows the development of the spectra during the transfer SI→SII,
when irradiating with E‖c and λ=1064 nm. Due to the increase of SII and the de-
crease of SI an isosbestic point appears in the near infrared region (at 13200 cm−1

for E‖c and at 11000 cm−1 for E‖a) which again demonstrates the change of the
number density of absorbing molecules. There is no isosbestic point in the visible
or UV-region. This is due to the fact that in the near infrared only two states
(SI and SII) contribute to the absorption. In the visible and UV-range the mixing
of the three states GS, SI, and SII, which all change their absorption behaviour,
prevents the existence of isosbestic points. The deconvolution for E‖c is straight-
forward. Fig. 2.13a shows the deconvoluted difference spectrum of SII (weighted GS
subtracted) at Q = 252 Ws/cm2, corresponding to a population of 38%. The band
on the high energy side of the measured spectra is not refined, but a Gaussian is
adapted to the curve in order to estimate its influence on the area of the refined
Gaussian at 17850 cm−1. It turns out to be small, as shown in Fig. 2.13a.
The absorption behaviour for E‖a has again a more complicated structure. It starts

with the increase of a broad absorption band, fitted by two Gaussians. A third tran-
sition appears in the region between the small extinction band of SI and the steep
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Figure 2.12: Q-dependence of the transitions of GS, SI, and SII in the visible and
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slope, caused by the strong bands in the UV-range, which cannot be measured. After
a certain population of SII is reached, a broad plateau builds up between 13000 cm−1

and 18000 cm−1 when further irradiating with light of wavelength λ=1064 nm. At
the exposure where SI is completely depopulated, indicated by the disappearance
of the small extinction band at 19900 cm−1, this plateau reaches a maximum and
decreases afterwards. At an exposure of about Q = 2400Ws/cm2 it vanishes and
the broad absorption band, which is present in the beginning of the transfer SI→SII,
is re-established. The origin of this plateau is not understood yet. Therefore, two
Gaussians are fitted to the difference spectrum at Q = 42Ws/cm2 (corresponding to
27% population of SII), as shown in Fig. 2.13b. The difference spectrum is obtained
by subtracting the weighted contributions of SI (8%) and GS (65%) as described
earlier. The two bands at 14000 cm−1 and 16400 cm−1 are almost independent of
this subtraction as the bands of GS and SI do not contribute much in this spectral
region. The area of the band at 22200 cm−1 depends on the accuracy with which
the amount of GS is determined, therefore the error made in the determination of
the area is larger than for the other bands. The influence of the energetically higher
bands is taken into account by adapting one Gaussian to the slope on the high-energy
side of the spectrum. Its influence on the fitted area of the band at 22200 cm−1 is of
the same order as the error made by the subtraction of GS, due to the fact that the
slope is very steep and the overlap therefore very small. Consequently the existence
of this band may be doubted. Near the small extinction band, the quality of the
fit to the data is not improved, because the exact form of this band is unknown, as
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Table 2.4: Parameters refined to the absorption spectra of SII in single crystals of
SNP at T=100K. * 38% population, **27% population

‖c νmax (cm−1) A (106 cm−2) Γ(cm−1) τ (µs) f (10−3) ν̃exp
max ν̃calc

max (eV)

a”→a’ 17850±80 0.91±0.03* 5450±100 6.2 0.76 2.21 2.352

‖a νmax (cm−1) A (106 cm−2) Γ(cm−1) τ (µs) f (10−3) ν̃exp
max ν̃calc

max (eV)

a”→a” 14000±100 0.86±0.05** 3000±200 7.5 1.0 1.74 1.633
a’→a’ 16350±100 2.4±0.2** 4700±200 2 2.8 2.03 2.066
a’→a’ 22200±200 0.6±0.3** 4400±300 4.2 72 2.75 2.580

mentioned earlier. All in all the absorption bands of SII in the red and near infrared
region are much stronger than those of SI.

2.1.3 Discussion

Since the seminal calculations and absorption spectroscopic measurements on SNP
of Manoharan and Gray [43], later by Fenske and DeKock [47] and Braga et al.
[48] the possible electronic transitions of the ground state are known. However, the
density functional theory provides nowadays a useful tool to determine the orbital
level ordering and energetic positions [16]. Under C4v symmetry (GS,SI) one obtains
the energetic level ordering: 6e<2b2<7e<5a1<3b1 in which the a1 and b1 levels are
interchanged with respect to earlier calculations [43, 47, 48]. Following the proposal
of Carducci et al. [28], SI is characterized by the isonitrosyl configuration of the
NO-ligand (Fe-ON) with C4v symmetry and SII has the side-on configuration of the
NO-ligand with Cs symmetry, in which all degenerate levels are split into a′ and
a′′. Nevertheless it is not enough to know the energy levels for the assignment of
the measured polarized absorption bands to corresponding transitions. But from
the PDOS of GS, SI, and SII for Fe, N, O, Cax, Nax, Ceq, Neq it becomes apparent
that the starting levels for the measured transitions are lying at the central Fe
atom and the unoccupied levels are contributions of the Fe, N and O (Fe-N-O).
In Fig. 2.14 the PDOS of Fe and N are presented for GS, SI, and SII. The highest
PDOS in the experimentally available energy range are located at the atoms Fe, N,
and O . Therefore one starts for the assignment of the observed transitions at the
HOMO of the 3d-levels (6e, 2b2). In Fig. 2.15 the calculated orbital level scheme
(Kohn-Sham eigenvalues as energies) together with the observed transitions and their
experimentally determined energy is plotted (zero energy is set to the Fermi-level as
in Fig. 2.14). The assignment and level ordering of GS corresponds to that already
suggested by Manoharan and Gray [43], except for the interchange of 5a1 and 3b1.
For SI, 7e lowers its energy whereas 2b2 and 6e increase slightly, leading to a redshift
of this two transitions in the calculation. This redshift is observed experimentally,
but only one transition is measured. No transition is observed below 9000 cm−1 and
no other transition of SI is allowed between 17800 cm−1 and 26650 cm−1 as indicated
by the isosbestic points. The polarization analysis of the transition at 13000 cm−1

shows that it is about twice as strong when measured with E‖a compared to E‖c.
Since in SI the C4v-symmetry of the [Fe(CN)5NO]2−-molecule is conserved, this must
be the transition 6e→7e, because the transition 2b2→7e is stronger for E‖c, as seen
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Figure 2.14: Partial density of states (PDOS) for Fe and N (of N-O) for the three
different states GS, SI, and SII.

in GS. This may have two reasons: either the two levels 2b2 and 6e are coincidentally
degenerate, or one observes for the two different polarization directions two different
transitions, i.e. for E‖c the transition 2b2→7e and for E‖a the transition 6e→7e.
In the second case the two levels 2b2 and 6e are again almost degenerate. In both
cases the non-bonding 2b2 orbital should not shift and the shift of the 6e-orbital
should be stronger by about 0.4 eV, which is in the range of uncorrected Kohn-Sham
eigenvalues. Nevertheless, if one tries to fit the experimentally observed absorption
band with two transitions, one can estimate their maximal difference in energy to
be about 0.04 eV.

The energy of the two transitions of SI observed in the UV-region roughly
matches the calculated energy differences of the transitions (6e,2b2)→5a1 and
(6e,2b2)→3b1. Their experimentally observed energies show quite large differences
(Table 2.3) for the two different polarization directions when compared to the polar-
ization differences in the GS. If the 2b2 and 6e orbitals are almost degenerate, the
observed transitions at 3.97 eV (E‖a) and 4.36 eV (E‖c) have to be assigned to the
transition (2b2,6e)→3b1, whereby the difference of about 0.4 eV cannot originate in
the excitation of different vibrations. All in all the observed and calculated orbital
level scheme for SI show distinct differences, which does not allow an unambiguous
assignment of the transitions.

For the polarization analysis and assignment of the transitions of SII in Cs only
one symmetry element is left (mirror plane perpendicular to c-axis). There are only
selection rules for E‖c, where transitions a’→a” and a”→a’ are allowed. For E‖a no
selection rules apply, i.e. all possible transitions in the measured energy range may
be observed. This is reflected in the experiment by the fact that one observes three
transitions for E‖a whereas for E‖c only one transition is found. In principle three
(six) transitions would be possible for E‖c(a) in the energy range 1.35 eV-2.60 eV
following the calculated energy splitting (Fig. 2.15). The suggested assignment indi-
cated in Table 2.4 and Figures 2.13 and 2.15 follows the calculated energy differences.
For E‖c the highest calculated energy difference of 2.352 eV is assigned to the ob-
served transition (2.21 eV) from the three possible transitions at 1.347 eV, 1.861 eV,
and 2.352 eV. The assignment for E‖a opens even more possibilities. The observed
transitions are assigned to the three calculated energy differences a”→a” at 1.633 eV,
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Figure 2.15: Calculated orbital level diagram for GS, SI, and SII. Arrows indicate
the observed transitions and their experimentally determined energy.

a’→a’ at 2.352 eV, and a’→a’ at 2.580 eV, since a further a’→a” transition would
be observed also with E‖c. For a more comprehensive assignment, calculation of
matrix elements and the measurement of transition at higher energies is necessary.

Beside the determination of the electronic structure, conclusions can be drawn
about the population dynamics of the metastable states from the absorption spec-
tra: every light-induced excitation or de-excitation of GS, SI, and SII involves in
an intermediate state the π∗(NO)-orbital. The transitions GS→π∗(NO)→SI and
GS→π∗(NO)→SII can be excited by illumination with light in the spectral region
375 nm-562 nm. A de-excitation SI→GS via π∗(NO) is not observed, since no ab-
sorption bands of SI appear between the isosbestic points. On the other hand an
excitation SII→π∗(NO)→GS is possible. Following the orbital level diagrams of the
DFT calculations [16], SI is always excited via SII. First the side-on configuration of
SII is built and afterwards the isonitrosyl geometry of SI (Fe-ON) is reached. Since
no optical de-excitation process SI→π∗(NO)→GS is observed in the spectral range
between the isosbestic points, it should be possible to transfer all molecules into the
metastable state SI, if just illuminating long enough in this wavelength regime. This
is not observed in experiment, where a maximum population of SI of approximately
50% is found. Therefore there may be other mechanisms involved, which enable the
de-excitation SI→GS, provided the assumption (i.e. the inversion of the Fe-NO to
Fe-ON) made for the DFT calculations is correct. Indicated by the isosbestic points
in Fig. 2.12 an effective transfer SI→SII via π∗(NO) is possible at wavenumbers lower
than 13200 cm−1 (E‖c) and 11000 cm−1 (E‖a), since the larger cross section for the
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transfer SII→π∗(NO)→GS depopulates SII for higher wavenumbers. This is the rea-
son why for illumination of SI with 9398.5 cm−1 (λ=1064 nm) an effective population
of SII of about 35% is obtained. In principle this transfer should be maximal when
illuminating with a wavelength where only SI is excited, but no transition out of SII
is allowed. This is possible at wavenumbers below 9000 cm−1.

2.1.4 Conclusions

Polarized absorption spectroscopy reveals the light-induced absorption changes in
SNP caused by the excitation of the two metastable states SI and SII. The assign-
ment of the five observed GS-transitions is in agreement with earlier publications
[41, 43] and with the calculated orbital level diagram. Three new electronic tran-
sitions are observed during the population of SI. Their tentative assignment to the
calculated energy differences of the orbital level diagram under C4v symmetry is not
unambiguous and opens the question if the assumption, that in SI an isonitrosyl
configuration is established, is correct.

Four new electronic transitions are observed during the transfer SI→SII. Their
assignment to the calculated orbital level diagram yields reasonable agreement, in-
dicating that the point symmetry of the anion in SII is indeed reduced to Cs.

The appearance of isosbestic points during the population process of SI indi-
cates that single molecules are excited from one state to the other. This allows an
absolute determination of the population of SI, when measuring the absorption or
transmission of SNP in the spectral range 375 nm-562 nm. All optical excitation
and de-excitation processes involve the π∗(NO)-orbital as an intermediate state. An
optical depopulation of SI via π∗(NO) is very unlikely in the spectral range 375 nm-
562 nm, since the absorption cross section of SI is very small or even vanishes.

Isosbestic points in the near infrared spectral range indicate that an effective
transfer SI→SII is possible for wavelengths λ>770 nm and λ>910 nm when illumi-
nating with E‖c and E‖a, respectively.
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2.2 Neutron diffraction

2.2.1 Theory

The theory of neutron scattering is described in an excellent way by G.L. Squires
”Introduction to the theory of thermal neutron scattering” [49]. Therefore in the
following only a short description of the theory important to this work is given.

Neutron cross section

Neutron diffraction experiments determine the fraction of the incoming neutrons
scattered into a solid angle element dΩ. The so-called partial differential scattering
cross section of the interaction of a neutron with condensed matter can be derived
from Fermi’s Golden Rule (equivalent to the first Born approximation assuming that
the system is not disturbed by the measurement):

d2σ

dΩdω
=

kf

ki

( m

2π~

)2∑
λi

pλi

∑
λf

|〈kf , λf |V̂ |ki, λi〉|2δ(~ω + Eλi
− Eλf

) (2.12)

where kf and ki are the final and initial wavevector of the neutron, respectively.
m is the mass of the neutron and ~ω is the energy transfer between neutron and
sample. |λf 〉 and |λi〉 denote the final and initial state of the sample and pλi

is the
occupation probability of the initial state. V̂ is the interaction potential between
neutron and sample.

Elastic nuclear scattering

For the description of the elastic scattering of the neutron from a perfect crystalline
material the interaction potential V̂ in Eq. 2.12 is chosen to be the Fermi pseudopo-
tential:

V̂ =
2π~2

m

∑
j

bj(r−Rj) (2.13)

where the sum runs over all nuclei at positions Rj in the sample. bj denotes the
neutron scattering length of the nucleus j, which contains the physics of the scat-
tering process. Inserting Eq. 2.13 into Eq. 2.12 and integrating over the energy one
obtains:

dσ

dΩ
(Q) =

N(2π)3

Vuc

∑
τ

|FN(Q)|2δ(Q− τ) (2.14)

where Vuc is the volume of the unit cell, N is the number of unit cells, and the
sum has to be performed over all reciprocal lattice vectors τ . Q = kf − ki is the
scattering vector and FN(Q) is the nuclear unit-cell structure factor:

FN(Q) =
∑

j

bj exp(iQRj) exp(−Wj(Q)). (2.15)

The sum has to be performed over all atoms j in the unit cell and Wj is the Debye-
Waller factor (derived in [50])

Wj(Q) =
1
2
〈(ujQ)2〉 (2.16)
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Figure 2.16: Construction of the Ewald sphere in reciprocal space. Q = kf − ki is
the scattering vector and 2θ the scattering angle.

which describes the thermal mean-square displacement of the atoms j from their
average position. uj is the displacement of the atom j from its equilibrium position.
For the structural refinement the displacement parameters Uiso (isotropic) and Uij

i, j = 1, 2, 3 (anisotropic) are introduced. The isotropic displacement parameter Uiso

is related to the Debye-Waller factor by

Wj(Q) = −8π2Uiso

(
sin θ

λ

)2

(2.17)

where θ is the scattering angle and λ the wavelength of the scattered neutrons. Since
Q = 4π

λ sin(θ), Uiso is directly proportional to the mean square displacement of the
atoms:

Uiso =< uj >2 . (2.18)

The anisotropic displacement parameters are connected with the Debye-Waller factor
via

Wj(Q) = −2π2(U11h
2b2

1 + U22k
2b2

2 + U33l
2b2

3

+ U12hkb1b2 + U13hlb1b3 + U23hkb2b3),
(2.19)

where b1,b2,b3 are the reciprocal lattice vectors and h, k, l the Miller Indices (in-
teger values). Comparison of anisotropic and isotropic displacement parameters
can be made by transformation of the Uij to the equivalent isotropic displacement
parameter Ueq:

Ueq =
∑
i,j

Uijbibjaiaj (2.20)
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where b1,b2,b3 and a1,a2,a3 are the reciprocal and direct lattice vectors, respec-
tively.

It can be seen directly from Eq. 2.14 that the cross section for elastic nuclear
scattering is only different from zero at values Q = τhkl. These points in reciprocal
space are called Bragg reflections and can be described using the reciprocal crystal
axes b1,b2,b3 and integer values h, k, l (Miller Indices):

τ = Q(h, k, l) = hb1 + kb2 + lb3. (2.21)

This relation can be geometrically shown by the construction of the Ewald sphere
with radius 2π/λ in reciprocal space (see Fig. 2.16).

2.2.2 Experiment

The neutron diffraction experiments were performed on the single-crystal diffrac-
tometer TriCS at the Swiss Spallation Source SINQ at PSI/Villigen using a sin-
gle detector. The SNP samples were mounted on a sample holder as indicated in
Fig. 2.17 in a closed cycle refrigerator. The refrigerator is equipped with an optical
window (quartz) to allow for the illumination of the sample with polarized light
down to temperatures of 10 K. In order to guarantee thermal stability at low tem-
perature additional heat shields (aluminum) were mounted. The temperature was
measured with two sensors. The temperature sensor T1 is placed directly behind
the sample position, as indicated in Fig. 2.17. The second sensor T2 is placed on the
cold finger and is used to control the temperature. A deuterated single crystal of
SNP (diameter 9 mm, thickness 0.9mm) was used. First the mixed state GS+SI was
excited by illuminating the crystal with laser light of wavelength 476.5 nm and with
polarization along the c-axis of the crystal. The average intensity was 100 mW/cm2

so that after 100 h of illumination time a total exposure Q ≈ 36000 Ws/cm2 was
achieved. After the measurement of a full data set at 43K (sensor T1) of the excited
state (1134 reflections) the crystal was heated to 200 K in order to depopulate SI.
Afterwards the same data set was measured in the GS at 43 K (sensor T1). The
population of the metastable states during the neutron scattering experiment can

Cold finger

optical fiber

sample

heat shields

vacuum

optical window

T1
T2

light

Figure 2.17: Schematic drawing of the cooling device equipped with an optical win-
dow and fiber optics in order to illuminate the sample and to measure the transmitted
light intensity. T1 and T2 are temperature sensors.
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Figure 2.18: Population as a function of illumination Q of an SNP crystal
(d=0.9 mm). The polarization of the light was along the c-axis of the crystal and
therefore perpendicular to the N-C-Fe-N-O axis. A wavelength of 476.5 nm of an
Ar+ laser with an average power of 100 mW/cm2 was used. A final population of
Pf=22% is reached with this setup.

be determined by measuring the transmitted light intensity behind the SNP crystal.
The light intensity can be measured with a Si photo diode. The voltage over the
diode is proportional to the transmitted light intensity. An amplifier with selectable
load resistors guarantees a linear behaviour in intensity over many decades. Origi-
nally the photo diode was placed inside the refrigerator behind the sample. At low
temperatures the diode was not working reliably and could only be used to monitor
if the laser beam was centred on the sample. Therefore a fiber optic was introduced
in the refrigerator guiding the light to the photo diode which is working stable at
room temperature. Fig. 2.18 shows the population measured on a SNP crystal of
thickness d=0.9 mm, which was illuminated at 43 K (sensor T1) with laser light of
the wavelength 476.5 nm and an average power of 100mW/cm2. The measured volt-
age Uph is proportional to the transmitted light intensity It given by the incident
light intensity I0 of the laser beam and the damping in the sample

Uph ∼ It = I0 exp (−αd) (2.22)

where α is the absorption coefficient of the sample and d is the thickness of the
sample. Measuring the transmitted light intensity one can therefore determine the
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absorption coefficient of the crystal by

αGS+SI(Q) = αGS(Q = 0)− 1
d

ln
(

It,GS+SI

It,GS

)
. (2.23)

The absorption coefficients of GS and of the mixed states GS+SI are precisely known
from the absorption measurements (see Figs. 2.6, 2.8, and 2.9). Therefore the pop-
ulation of the metastable state SI can be determined by comparing αGS+SI(Q) and
αGS(0) at the corresponding wavelength (476.5 nm) with the absorption curves and
using Eq. 2.7.

The knowledge of the actual population PSI of the metastable state SI is of
great importance for the refinement of the structure. Therefore in a further neutron
diffraction experiment on the two-axis spectrometer TOPSI at SINQ the neutron
structure factor of selected reflections was recorded as a function of the population
PSI of SI, which was determined from the transmission measurement using the setup
shown in Fig. 2.17. Fig. 2.19 shows the structure factor F107 as a function of PSI. It
shows a linear dependence on PSI, since the phases are ±180◦ in the space group
Pnnm (F107 =

√
I107, I107: scattered neutron intensity). The reflection 107 proves

to be useful for a comparison between the different crystals used in the different
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measurements, since it is a weak reflection and does therefore not suffer from changes
in the extinction, which occur when illuminating the crystal with laser light. The
values of the structure factor F107 obtained in the two structural investigations on
TriCS at SINQ and on D9 at ILL [26] are indicated in Fig. 2.19. The values of the
different measurements have been scaled to the ground state value of F107. Fig. 2.19
illustrates that the populations PSI of SI assumed for the refinement of the two data
sets agree very well with the TOPSI results. Therefore in future experiments one
may also check the achieved population PSI of SI by comparing the structure factor
F107 with this curve.

2.2.3 Results and discussion

The structural refinement of the neutron data of GS and the mixed state
GS+SI is performed with the program JANA2000 [54]. For both states the
space group Pnnm (No. 58) is used with lattice parameters a=6.1663(6) Å,
b=11.8904(8) Å, and c=15.6003(17) Å for GS and a=6.1357(3) Å, b=11.8545(7) Å,
and c=15.5461(10) Å for GS+SI. The neutron wavelength was 1.1761(13) Å,
as was determined after the measurement with a NaCl single crystal with
a=6.6400(5) Å [55]. Isotropic extinction correction of type I (Lorentz distribution)
is applied [51, 52, 53]. 1015 reflections (908 observed, I>3σ) are considered for the

Table 2.5: Experimental data collection parameters for SNP.
GS (TriCS) GS+SI (TriCS) GS (D9) GS+SI (D9)

space group Pnnm Pnnm Pnnm Pnnm
Z 4 4 4 4
wavelength λ (Å) 1.1761(13) 1.1761(13) 0.8489(4) 0.8489(4)
T (K) 43 43 80 80
a (Å) 6.1663(6) 6.1357(3) 6.1679(5) 6.1818(5)
b (Å) 11.8904(8) 11.8545(7) 11.9033(10) 11.9182(8)
c (Å) 15.6003(10) 15.5461(10) 15.6124(13) 15.6198(11)
V (Å3) 1143.8 1130.8 1146.2 1150.8
d (g/cm3) 1.718 1.736 1.757 1.757
[sin (θ)/λ]max (Å−1) 0.706 0.706 0.732 0.729
abs. coeff. (mm−1) 0.004 0.004 0.003 0.003
T ∗

min 0.9721 0.9709 0.9849 0.9845
T ∗

max 0.9952 0.9951 0.9973 0.9973
crystal dimensions (mm3) 0.9 ·∅9 0.9 ·∅9 0.3 · 3 · 3 0.3 · 3 · 3
hmax 7 7 8 8
kmax 14 14 15 17
lmax 18 18 20 22
no. of meas. reflections 1134 1134 1567 2111
no. of unique reflections 951 951 1401 1837

R†
e.s.d. 0.0108 0.0109 0.0312 0.0219

R†
int 0.0135 0.0116 0.0191 0.0327

no. of refined reflections 1015 1015 1567 2111
no. of obs. reflections (I>3σ) 908 964 1401 1837

g‡iso (10−4) 0.001258 0.001191 0.001490 0.003201
population PSI of SI (%) 0 22 0 44
∗transmission factors, i.e. minimal and maximal amount of transmitted neutrons
†R-factors of merging process (see Appendix D)
‡Isotropic extinction correction of type I (Lorentzian distribution) is used [51, 52, 53].
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refinement of GS and 1015 (964) for the mixed state GS+SI. In order to check the reli-
ability of the refinement and the chosen models the data sets for GS and GS+SI, mea-
sured by Rüdlinger et al. [26] at the single crystal diffractometer D9 at ILL (T=80K),
are also refined with JANA2000. This program allows a better constraint setting
compared with the previously used program UPALS [56]. The lattice parameters for
the two D9 data sets are a=6.1679(5) Å, b=11.9033(10) Å, and c=15.6124(13) Å for
GS and a=6.1818(5) Å, b=11.9182(8) Å, and c=15.6198(11) Å for GS+SI. The neu-
tron wavelength in this experiment was 0.8489 Å. 1567 reflections (1402 observed,
I>3σ) are considered for the refinement of GS and 2111 (1838) for the mixed state
GS+SI. The quality of the refinement is described by the agreement factors R and
Goodness of fit S (for details see Appendix D). The experimental data collection
parameters for both measurements are summarized in Table 2.5.
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Ground state (GS)

The refinement of GS is straightforward and yields agreement factors of R = 0.0367,
S = 3.15 for the TriCS and R = 0.0509, S = 3.65 for the D9 data set, respectively.
The results are in agreement with earlier refinements of the GS-structure based on x-
ray [28] and neutron [26] measurements. The refined structural parameters are given
in Table 2.6 and the anisotropic displacement parameters are given in Table 2.7. The
occupation of the two different deuterium positions is refined independently, resulting
in almost equal values of 0.47(1) and 0.50(1) for D1 and D2 for the TriCS data set.
For the D9 data set, occupations of 0.35(1) and 0.36(1) are obtained for D1 and D2,
in agreement with the published data [26].

Table 2.6: Refined structural parameters of GS in SNP obtained for the TriCS and
D9 data sets.
atom data set site occupancy x y z

Na1 TriCS 4f 1 0.5 0 0.2462(3)
D9 1 0.5 0 0.2461(3)

Na2 TriCS 4e 1 0 0 0.3780(3)
D9 1 0 0 0.3784(4)

Fe TriCS 4g 1 0.5002(2) 0.2800(1) 0.5
D9 1 0.4998(3) 0.2803(2) 0.5

C1 TriCS 4g 1 0.2500(4) 0.1829(2) 0.5
D9 1 0.2508(5) 0.1826(2) 0.5

N1 TriCS 4g 1 0.1002(3) 0.1232(2) 0.5
D9 1 0.0996(3) 0.1235(2) 0.5

C2 TriCS 8h 1 0.6072(2) 0.1796(1) 0.5879(1)
D9 1 0.6080(3) 0.1796(2) 0.5877(1)

N2 TriCS 8h 1 0.6671(2) 0.1195(1) 0.64173(8)
D9 1 0.6673(2) 0.1198(1) 0.6417(1)

C3 TriCS 8h 1 0.3455(2) 0.3618(1) 0.4109(1)
D9 1 0.3448(3) 0.3619(2) 0.4109(1)

N3 TriCS 8h 1 0.2498(2) 0.4050(1) 0.35570(8)
D9 1 0.2503(3) 0.4052(1) 0.3555(1)

N4 TriCS 4g 1 0.7265(3) 0.3577(1) 0.5
D9 1 0.7272(3) 0.3579(2) 0.5

O1 TriCS 4g 1 0.8855(4) 0.4056(3) 0.5
D9 1 0.8861(6) 0.4051(3) 0.5

D1 TriCS 8h 0.47(1) 0.1877(8) 0.1982(5) 0.2853(4)
D9 0.35(1) 0.187(1) 0.1987(8) 0.2849(7)

D2 TriCS 8h 0.50(1) 0.0626(7) 0.1241(4) 0.2248(3)
D9 0.36(1) 0.063(1) 0.1249(7) 0.2252(6)

O2 TriCS 8h 1 0.1723(3) 0.1224(2) 0.2686(2)
D9 1 0.1717(4) 0.1226(2) 0.2687(2)
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Table 2.7: Anisotropic displacement parameters in the GS of SNP.
atom data set U11 U22 U33 U12 U13 U23 (10−3)

Na1 TriCS 10(2) 17(2) 12(2) -4(2) 0 0
D9 10(2) 17(3) 10(3) 2(2) 0 0

Na2 TriCS 11(2) 18(2) 15(2) -1(2) 0 0
D9 9(2) 17(3) 15(3) -2(2) 0 0

Fe TriCS 4.0(6) 9.5(8) 8.5(7) -1.2(6) 0 0
D9 3.4(7) 7.4(9) 5.1(9) -0.2(7) 0 0

C1 TriCS 6.3(9) 14(1) 13(1) -3.2(8) 0 0
D9 7(1) 10(1) 14(1) -2(1) 0 0

N1 TriCS 9.4(7) 16.2(8) 20.3(9) -6.9(7) 0 0
D9 9.4(9) 14(1) 16(1) -5.6(9) 0 0

C2 TriCS 8.3(7) 13.5(8) 10.2(7) -0.4(6) 0.3(6) 2.0(6)
D9 6.9(8) 11.1(9) 9.3(9) 0.4(8) 0.7(8) 0.5(8)

N2 TriCS 12.6(6) 20.2(6) 15.5(6) 2.1(5) -0.5(5) 6.3(5)
D9 11.9(6) 16.0(8) 13.8(8) 2.2(6) -1.3(6) 6.3(6)

C3 TriCS 7.8(7) 14.3(8) 10.9(8) 2.1(6) -1.5(6) 2.4(6)
D9 7.2(8) 12.2(9) 9.9(9) 1.6(8) -2.0(8) 3.4(8)

N3 TriCS 14.7(6) 26.1(7) 14.1(6) 4.9(5) -1.8(5) 5.1(5)
D9 13.1(7) 20.7(8) 13.5(8) 3.2(6) -0.6(6) 5.0(6)

N4 TriCS 7.6(7) 12.2(8) 13.0(8) -1.3(6) 0 0
D9 5.3(9) 11(1) 13(1) -1.1(8) 0 0

O1 TriCS 8(1) 20(2) 33(2) -11(1) 0 0
D9 9(1) 18(2) 29(2) -9(1) 0 0

D1 TriCS 31(3) 26(3) 51(3) 2(2) -2(2) -1(2)
D9 28(4) 31(6) 52(6) 8(4) 5(4) -3(4)

D2 TriCS 28(3) 56(3) 24(3) 1(2) -9(2) 8(2)
D9 25(4) 53(6) 30(5) 4(4) -7(4) 6(4)

O2 TriCS 13(1) 16(1) 19(1) 0.9(8) -2.8(8) 1.7(8)
D9 11(1) 13(1) 17(1) 0.9(9) -2(1) 1.6(9)
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Mixed state GS+SI

The refinement of the structure of the mixed state GS+SI is not as straightforward.
A naive refinement of the structure as performed for GS leads to negative displace-
ment parameters for the atoms Fe and O1 of the [Fe(CN)5NO]-molecule, showing
that the main changes concomitant with the excitation of the metastable state SI
occur at the Fe-N-O bond, as was already recognized by Rüdlinger et al. [26]. How-
ever since the population of SI is known to be about 22% from the transmission
measurement one can try to refine more elaborate models and test especially the
isonitrosyl configuration suggested by Carducci et al. [28].

Model with two oxygen positions

Introducing two positions for the oxygen atom of the [Fe(CN)5NO]-molecule, O1 and
O1a (weighted with the population of GS and SI, respectively), the refinement con-
verges to R = 0.0437, S = 3.83 for the TriCS and to R = 0.0518, S = 3.35 for the D9
data set, respectively. The displacement parameters of the two oxygen atoms have
to be chosen isotropic in order to obtain a clean refinement. Introducing anisotropic
displacement parameters (ADP’s [57]) on these positions leads to unphysical (neg-
ative) values, because the thermal ellipsoids of the two atoms overlap. Since the
occupation of the two positions is not equal, the scattering density distribution in
this region is not uniform. Therefore the refinement of two thermal ellipsoids can
easily lead to unphysical solutions, describing the observed scattering density as well
as the one with two atoms having isotropic displacement parameters (spheres). This
was actually done in [26] by averaging two spheres of different radii by one ellipsoid
(yielding negative values of the displacement parameters of O1). The structural
parameters are summarized in Table 2.8. The equivalent displacement parameters
Ueq (Eq. 2.20) are indicated in order to ease the comparison between the anisotropic
displacement parameters of the other atoms (Table 2.9) with those of the two oxygen
atoms. Fig. 2.20 shows the two [Fe(CN)5NO]-molecules in the z = 0.5 plane and the
thermal ellipsoids and spheres as determined in the refinement. The two different
oxygen positions O1 and O1a of GS and SI are drawn on the same molecule in order
to ease the direct comparison between the two states GS and SI.

A stringent test of the stability of the refinement is obtained when refining the
occupancy ai[O1a] of the oxygen atom O1a (excited state SI) with the restriction that
the sum of the two occupancies (ai[O1]+ai[O1a]) is always the full occupation of the
site. Doing so, the refinement of the occupation of SI converges also at ai[O1a]=22%
for the TriCS and at ai[O1a]=44% for the D9 data set with the same structural
parameters as obtained with fixed occupation.2

The main changes between GS and SI occur at the Fe-N4-O1/O1a angle (Ta-
ble 2.12) while the N4-O1 distance remains the same within the standard deviations
in both configurations. The structural parameters obtained for Fe, N4, O1, and
O1a agree satisfactorily for the two data sets. The displacement parameters show
some deviations, especially the parameters U11 of Fe and N4. This may be explained
by the larger data set for the D9 data, covering more reflections at higher sin(θ)/λ
values, which are highly sensitive to the displacement parameters (see Eq. 2.17).
Compared to the pure GS the Fe-N4-O1 angle of GS+SI is increased from 1.37◦

245% population of SI was assumed by Rüdlinger et al. [26] for the refinement of the D9 data
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Figure 2.20: View of the two Fe[(CN)5NO]-molecules in the z = 0.5 plane along the
c-axis of the crystal in the model with two oxygen positions for O1. The two oxygen
positions of the GS and SI are indicated on the same molecule. The upper picture
shows the result from the refinement of the TriCS data set and the lower that from
the D9 data set.

to 2.44◦ and from 1.43◦ to 3.2◦ in the TriCS and D9 refinement, respectively (see
Table 2.12). One might therefore argue that introducing two positions for the O1
atom just washes out some minor peculiarities in the refinement of the structure
and yields better agreement factors. However, when refining two O1 positions to the
data obtained in the GS-measurement, the occupation of O1a decreases immediately
to zero and the values given in Table 2.6 are re-established.
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Table 2.8: Structural parameters of the mixed state GS+SI in SNP. Model with two
oxygen positions.
atom data set site occupancy x y z Uiso,eq (10−3)

Na1 TriCS 4f 1 0.5 0 0.2465(3) 9(1)
D9 1 0.5 0 0.2460(3) 12(1)

Na2 TriCS 4e 1 0 0 0.3780(3) 10(1)
D9 1 0 0 0.3778(3) 12(1)

Fe TriCS 4g 1 0.5004(2) 0.2803(1) 0.5 3.9(4)
D9 1 0.4972(2) 0.2790(1) 0.5 5.5(3)

C1 TriCS 4g 1 0.2496(4) 0.1832(2) 0.5 7.4(7)
D9 1 0.2486(4) 0.1821(2) 0.5 9.8(6)

N1 TriCS 4g 1 0.0990(3) 0.1234(2) 0.5 10.0(5)
D9 1 0.0970(3) 0.1236(1) 0.5 13.6(4)

C2 TriCS 8h 1 0.6072(3) 0.1796(1) 0.5879(1) 6.8(5)
D9 1 0.6055(3) 0.1789(1) 0.5877(1) 9.0(4)

N2 TriCS 8h 1 0.6672(2) 0.1194(1) 0.64186(9) 10.0(4)
D9 1 0.6667(2) 0.1193(1) 0.64193(8) 13.5(3)

C3 TriCS 8h 1 0.3457(3) 0.3620(1) 0.4107(1) 6.9(5)
D9 1 0.3445(3) 0.3616(1) 0.4110(1) 9.6(4)

N3 TriCS 8h 1 0.2499(2) 0.4054(1) 0.35554(9) 11.9(4)
D9 1 0.2499(2) 0.4054(1) 0.35571(8) 15.3(3)

N4 TriCS 4g 1 0.7273(3) 0.3578(1) 0.5 6.3(5)
D9 1 0.7265(3) 0.3575(1) 0.5 13.7(5)

O1 TriCS 4g 0.78 0.8906(10) 0.4015(5) 0.5 6(2)
D9 0.56 0.8931(20) 0.3988(10) 0.5 8(3)

O1a TriCS 4g 0.22 0.8715(38) 0.4194(20) 0.5 10(7)
D9 0.44 0.8799(16) 0.4119(8) 0.5 8(2)

D1 TriCS 8h 0.47(1) 0.1887(9) 0.1988(4) 0.2858(4) 26(2)
D9 0.35(1) 0.1867(13) 0.1990(6) 0.2853(6) 42(2)

D2 TriCS 8h 0.50(1) 0.0613(8) 0.1240(4) 0.2247(3) 26(1)
D9 0.36(1) 0.0652(12) 0.1249(6) 0.2242(5) 37(1)

O2 TriCS 8h 1 0.1722(3) 0.1225(2) 0.2686(2) 10.3(6)
D9 1 0.1711(3) 0.1224(2) 0.2682(1) 13.4(5)
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Table 2.9: Anisotropic displacement parameters in the mixed state GS+SI of SNP.
Model with two oxygen positions.
atom data set U11 U22 U33 U12 U13 U23 (10−3)

Na1 TriCS 8(2) 10(2) 8(2) -3(2) 0 0
D9 11(2) 15(2) 8(2) 0(2) 0 0

Na2 TriCS 5(2) 12(2) 13(2) -4(2) 0 0
D9 8(2) 16(2) 14(2) 1(2) 0 0

Fe TriCS 0.4(7) 6.5(8) 5.9(8) -0.5(6) 0 0
D9 3.6(6) 7.3(6) 4.9(6) 0.0(5) 0 0

C1 TriCS 2.9(9) 9.6(1) 10(1) -2.6(9) 0 0
D9 6(1) 11(1) 12(1) -1.7(8) 0 0

N1 TriCS 4.7(8) 11.7(9) 13(1) -4.4(7) 0 0
D9 10.3(8) 14.9(8) 16.3(8) -5.9(7) 0 0

C2 TriCS 3.5(8) 10.0(9) 6.6(8) -0.7(6) 0.7(6) 1.1(7)
D9 7.9(7) 10.9(7) 8.9(7) 1.2(6) 0.0(6) 1.3(5)

N2 TriCS 6.8(6) 13.2(6) 9.9(7) 1.1(5) -1.1(5) 3.9(5)
D9 12.1(6) 16.2(5) 12.9(5) 2.3(5) -0.1(5) 6.2(4)

C3 TriCS 4.0(7) 9.1(9) 7.2(8) 1.9(6) -2.2(6) 1.5(7)
D9 8.2(7) 12.4(7) 8.9(7) 1.7(6) -1.0(6) 2.6(5)

N3 TriCS 7.7(6) 17.9(7) 9.2(6) 3.1(5) -1.1(5) 2.2(5)
D9 12.9(6) 21.7(6) 11.9(5) 3.9(5) -1.8(5) 5.2(5)

N4 TriCS 1.4(8) 7.3(9) 9.7(9) -1.4(6) 0 0
D9 9.4(8) 16.0(8) 16.3(8) -1.2(6) 0 0

D1 TriCS 25(2) 16(3) 36(3) -2(2) -6(2) 1(2)
D9 34(2) 34(3) 55(3) 5(2) 4(2) -6(2)

D2 TriCS 21(2) 37(3) 19(2) 3(2) -7(2) 6(2)
D9 32(2) 47(3) 33(2) 2(2) -10(2) 11(2)

O2 TriCS 7(1) 12(1) 12(1) 0.0(8) -0.9(9) 0.6(8)
D9 11(1) 13(1) 16(1) 1.0(7) -3.6(8) 1.6(7)
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Model with two NO ligands

Introducing two NO ligands N4-O1 for GS and N4a-O1a for SI, i.e. two positions
for oxygen and nitrogen, the two data sets can be refined almost equally well as in
the two-oxygen-position model. Agreement factors of R = 0.0459, S = 4.01 and
R = 0.0525, S = 3.35 are obtained for the TriCS and D9 data set, respectively. In
the TriCS data set the displacement parameters for Fe, N4, N4a, O1, and O1a have
to be chosen isotropic. In the D9 data set Uij [Fe] can be chosen anisotropic. The
refined parameters are summarized in Tables 2.10 and 2.11.

The main changes between GS and SI in this model occur at the C1-Fe-N4 bond
(see Table 2.12). The Fe-N4 (GS) distance is increased from 1.67(1)Å to 1.72(2)Å in
Fe-N4a (SI). The C1-Fe-N4 bonding angle is almost 180◦ in SI (C1-Fe-N4a) whereas
for GS it is about 176◦ (see Table 2.12). The N4-O1 (N4a-O1a) distance and the Fe-
N4-O1 (Fe-N4a-O1a) angle remain practically unchanged. Fig. 2.21 illustrates the
result, that for SI the quasi-fourfold-axis of the molecule is nearly in a linear config-
uration, whereas the GS shows a slight bending away from the fourfold axis. This
refinement has the advantage that the GS-configuration remains almost unaltered
when compared to the pure ground state, whereas in the two-oxygen-position model
the Fe-N4-O1 angle was changed. The fact that these two models lead to similar
agreement factors in the refinement is not completely astonishing, since already in
1979 Feltham and Enemark [58] concluded from a extensive study of different nitro-
syl compounds: ’The various positions for the oxygen atoms of the disordered bent
nitrosyl ligand can usually be determined but the coordinates of the nitrogen atoms
are often impossible to define uniquely.’
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Figure 2.21: View of the two Fe[(CN)5NO]-molecules in the z = 0.5 plane along
the c-axis of the crystal in the model with two NO ligands. The two NO ligands of
the GS (N4-O1) and SI (N4a-O1a) are indicated on the same molecule. The upper
picture shows the result from the refinement of the TriCS data set and the lower
that from the D9 data set.
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Table 2.10: Structural parameters of the mixed state GS+SI in SNP. Model with
two NO ligands.
atom data set site occupancy x y z Uiso,eq (10−3)

Na1 TriCS 4f 1 0.5 0 0.2466(3) 9(1)
D9 1 0.5 0 0.2464(3) 12(1)

Na2 TriCS 4e 1 0 0 0.3780(3) 9(1)
D9 1 0 0 0.3780(3) 12(1)

Fe TriCS 4g 1 0.5004(3) 0.2802(1) 0.5 3.5(4)
D9 1 0.4971(3) 0.2789(1) 0.5 5.7(3)

C1 TriCS 4g 1 0.2496(4) 0.1832(2) 0.5 6.9(7)
D9 1 0.2488(4) 0.1822(2) 0.5 9.6(6)

N1 TriCS 4g 1 0.0990(3) 0.1235(2) 0.5 9.8(5)
D9 1 0.0970(3) 0.1237(1) 0.5 13.9(4)

C2 TriCS 8h 1 0.6072(3) 0.1796(2) 0.5879(1) 6.7(5)
D9 1 0.6054(3) 0.1788(1) 0.5879(1) 9.0(4)

N2 TriCS 8h 1 0.6670(2) 0.1194(1) 0.64187(9) 9.8(4)
D9 1 0.6668(2) 0.1193(1) 0.64207(8) 13.6(3)

C3 TriCS 8h 1 0.3459(3) 0.3620(2) 0.4109(1) 6.7(5)
D9 1 0.3445(3) 0.3617(1) 0.4110(1) 9.6(4)

N3 TriCS 8h 1 0.2498(2) 0.4053(1) 0.35556(9) 11.5(4)
D9 1 0.2498(2) 0.4054(1) 0.35588(8) 15.3(3)

N4 TriCS 4g 0.78 0.7285(8) 0.3556(5) 0.5 2.4(5)
D9 0.56 0.7279(18) 0.3538(7) 0.5 12.9(5)

N4a TriCS 4g 0.22 0.7215(38) 0.3683(18) 0.5 15.4(7)
D9 0.44 0.7247(23) 0.3626(9) 0.5 12.9(2)

O1 TriCS 4g 0.78 0.8908(10) 0.4014(5) 0.5 4.7(5)
D9 0.56 0.8934(16) 0.3989(8) 0.5 8.4(3)

O1a TriCS 4g 0.22 0.8688(37) 0.4213(20) 0.5 10.8(7)
D9 0.44 0.8793(20) 0.4118(10) 0.5 7.7(2)

D1 TriCS 8h 0.47(1) 0.1886(9) 0.1988(5) 0.2858(4) 27(2)
D9 0.35(1) 0.1867(13) 0.1991(6) 0.2848(5) 41(3)

D2 TriCS 8h 0.50(1) 0.0614(8) 0.1237(5) 0.2246(3) 27(2)
D9 0.36(1) 0.0651(12) 0.1239(6) 0.2240(4) 36(2)

O2 TriCS 8h 1 0.1724(3) 0.1226(2) 0.2686(2) 10.0(7)
D9 1 0.1711(3) 0.1226(2) 0.2681(1) 13.6(5)
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Table 2.11: Anisotropic displacement parameters in the mixed state GS+SI of SNP.
Model with two NO ligands.
atom data set U11 U22 U33 U12 U13 U23 (10−3)

Na1 TriCS 6(2) 12(2) 7(2) -3(2) 0 0
D9 11(2) 15(2) 8(2) 0(2) 0 0

Na2 TriCS 4(2) 11(2) 12(2) 0(2) 0 0
D9 9(2) 15(2) 12(2) 0(2) 0 0

Fe TriCS
D9 3.3(6) 7.4(6) 5.4(6) -0.2(5) 0 0

C1 TriCS 3(1) 9(1) 9(1) -3.1(8) 0 0
D9 6(1) 11(1) 11.5(9) -1.5(8) 0 0

N1 TriCS 5.0(8) 10.9(9) 13(1) -4.3(7) 0 0
D9 10.2(8) 15.2(8) 16.9(8) -6.1(7) 0 0

C2 TriCS 3.8(8) 9.8(9) 6(1) -0.5(6) 0.5(6) 0.6(7)
D9 7.8(7) 10.7(7) 8.4(6) 1.3(6) -0.2(6) 2.0(5)

N2 TriCS 6.5(6) 13.1(6) 9.2(7) 1.2(5) -1.1(5) 3.7(5)
D9 12.4(6) 16.1(5) 12.8(5) 2.4(5) -0.2(5) 5.6(4)

C3 TriCS 3.3(8) 9.1(9) 7.2(9) 1.9(6) -1.7(6) 1.4(7)
D9 8.3(7) 12.3(7) 8.5(6) 1.7(6) -1.0(6) 1.5(5)

N3 TriCS 7.3(7) 18.6(8) 8.4(7) 3.2(5) -1.0(5) 2.6(5)
D9 12.8(6) 21.9(6) 11.9(5) 3.9(5) -1.5(5) 5.0(5)

D1 TriCS 24(3) 18(3) 38(3) -1(2) -6(2) 2(2)
D9 40(4) 33(4) 50(4) 5(3) 4(4) -6(3)

D2 TriCS 20(2) 39(3) 21(2) 3(2) -8(2) 7(2)
D9 34(4) 45(4) 29(3) 2(3) -10(3) 11(3)

O2 TriCS 7(1) 11(1) 12(1) 0.0(8) -0.7(9) 0.8(8)
D9 11(1) 14(1) 16(1) 1.0(7) -3.7(8) 2.0(7)
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Models with one NO ligand for GS and one inverted NO ligand for SI

Can the data also be explained with the isonitrosyl configuration ON of the NO-
ligand of SI, as proposed by Carducci et al. [28]?

Introducing for the metastable state SI an inverted NO ligand, i.e. beside the N4-
O1 for the GS a ligand O1a-N4a is used for SI in the refinement, no stable refinement
yielding physically meaningful parameters can be achieved. Either the outer atom
N4a has displacement parameters which are more than one order of magnitude higher
than the others (Uiso = 0.13 Å2 corresponding to < uj >= 0.36 Å) or the inner
atom O1a has negative displacement parameters, when constraining Uiso[N4a] to
Uiso[O1]. This result is independent of whether the displacement parameters are
chosen isotropic or anisotropic. When inspecting Eqs. 2.15 and 2.17 the reason for
this behaviour becomes evident: Inserting a nitrogen atom for an oxygen atom on
the outer position, the neutron scattering length bj in Eq. 2.15 is increased from
5.8 barn to 9.36 barn. If the observed structure factors do not agree with this model,
the second factor exp (−Wj(Q)) must be reduced in the refinement. Therefore the
displacement parameter Uiso is enhanced, until the overestimated scattering density
is reduced to the observed value. Forcing the values Uiso of the outer atoms O1
and N4a to reasonable values, the problem is handed over to the inner position,
where the situation is inverted. Here the neutron scattering length bj is reduced
from 9.36 barn to 5.8 barn when replacing N4 with O1a. Therefore Uiso is decreased
until the missing scattering density is obtained, thereby yielding unphysical values of
Uiso[O1a]. Reducing the population of SI (i.e. the number of inverted configurations
O1a-N4a) leads also to the reduction of the values for the structure factors. In other
words if the assumed population of SI is chosen to high, the displacement parameters
will correct for this wrong input in the refinement in the same manner as described
above. To sort out this possibility as an explanation for the occurrence of negative
displacement parameters, the occupation of the N4a and O1a was systematically
reduced and the refinements were repeated. It is found that the population of SI
has to be reduced to values lower than 1% and 3% for the TriCS and D9 data
set to get rid of this problem. Furthermore the two possibilities to reduce the
value of FN(reduction of occupation and decrease of the values of the displacement
parameters) have a different Q-dependence. Therefore the influence of the two effects
can be separated good enough in the refinement, especially in the D9 data set,
where more reflections have been measured in the range up to sin θ/λ = 0.73 Å−1.
The refinement of two whole [Fe(CN)5NO]-molecules (one with the parameters and
occupation of GS and one for SI) does not solve the above mentioned problem.

Refining the occupation of the isonitrosyl configuration of SI leads to a decrease
of the occupation of N4a and O1a to zero with arbitrary structural parameters for
these two atoms. Forcing the system into the Fe-O1a-N4a configuration with the
same occupancies as used in the refinements without NO-inversion, considerably
inferior agreement factors of R = 0.055, S = 4.8 for the TriCS and of R = 0.081,
S = 4.51 for the D9 data set are obtained.

2.2.4 Conclusions

Neutron diffraction on the metastable excited state SI of SNP does not support
the first model proposed by Carducci et al. [28], which assumed an insonitrosyl
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Table 2.12: Distances and angles in GS and GS/SI of SNP. ∗ Model with two oxygen
positions, ∗∗ model with two NO ligands.

TriCS D9
GS GS+SI∗ GS+SI∗∗ GS GS+SI∗ GS+SI∗∗

N4-O1 1.133(3) 1.128(6) 1.134(8) 1.129(4) 1.149(12) 1.156(14)
N4-O1a 1.15(2) 1.142(10)
N4a-O1a 1.10(3) 1.122(18)
Fe-N4 1.674(2) 1.668(2) 1.660(6) 1.680(3) 1.699(2) 1.683(11)
Fe-N4a 1.71(2) 1.724(13)
Fe-O1 2.806(3) 2.729(6) 2.793(6) 2.808(4) 2.834(10) 2.837(10)
Fe-O1a 2.81(2) 2.81(2) 2.848(12) 2.844(12)
Fe-C1 1.927(3) 1.922(3) 1.921(3) 1.926(3) 1.921(3) 1.920(3)
Fe-C2 1.934(2) 1.929(2) 1.928(2) 1.937(2) 1.937(2) 1.938(2)
Fe-C3 1.947(2) 1.940(2) 1.938(2) 1.946(2) 1.948(2) 1.948(2)
C1-N1 1.165(3) 1.165(3) 1.164(3) 1.168(4) 1.169(3) 1.168(3)
C2-N2 1.163(2) 1.161(2) 1.161(2) 1.163(3) 1.167(2) 1.167(2)
C3-N3 1.163(2) 1.160(2) 1.163(2) 1.163(3) 1.166(2) 1.163(2)

Fe-N4-O1 1.37(8) 2.45(15) 1.6(2) 1.43(11) 3.2(2) 1.8(4)
Fe-N4-O1a 2.5(5) 0.4(2)
Fe-N4a-O1a 1.1(9) 1.5(5)
C1-Fe-N4 176.70(13) 176.63(14) 175.7(2) 176.24(16) 176.51(13) 175.1(3)
C1-Fe-N4a 179.2(8) 178.4(4)
C2-Fe-N4 93.25(8) 93.30(9) 92.66(16) 93.01(10) 92.93(9) 91.9(2)
C3-Fe-N4 97.63(8) 97.67(9) 98.25(16) 97.80(11) 97.23(9) 98.1(2)
C3-Fe-C1 84.66(8) 84.67(9) 84.70(9) 84.82(11) 85.20(9) 85.24(9)
C3-Fe-C2 169.08(11) 168.98(12) 169.03(12) 169.14(14) 169.80(11) 169.88(11)
C3-Fe-C2’ 88.22(7) 88.20(7) 88.24(8) 88.44(8) 88.55(7) 88.48(7)
C3-Fe-C3’ 91.19(9) 91.33(10) 91.25(10) 91.20(12) 91.05(9) 91.06(9)
Fe-C1-N1 179.3(2) 179.3(2) 179.4(2) 179.9(3) 179.7(2) 179.7(2)
Fe-C2-N2 178.47(14) 178.43(15) 178.37(16) 177.94(18) 178.31(14) 178.43(15)
Fe-C3-N3 176.24(15) 176.38(16) 176.26(16) 176.38(18) 176.17(15) 176.17(15)

configuration for SI. Instead, the structural refinement of the data suggests that
a small change in the Fe-N4 bond length (≈ 0.05 Å) and in the C1-Fe-N4 angle
(≈ 3.5◦) are the only significant rearrangements in the nuclear structure connected
with the excitation of the metastable state SI. This result is consistently found
for two data sets with different population of the metastable state SI (22% and
44%). This result is not in contradiction with the findings of the x-ray study by
Carducci et al. [28]. The authors refined the structure of SI in the isonitrosyl and
the nitronsyl (GS) configuration and found equal agreement factors for both models.
They are not able to decide which is the better model from their refinement. In the
refinement with the ground state configuration for SI they find an increase in the
Fe-(NO) distance by 0.053(6) Å and an increase in the C2-Fe-C3 angle by 1.1◦ to
170.0(3)◦, in agreement with the neutron results. However, as already pointed out
by Güdel [59], the configurations of GS and SI should differ by about two electrons
in order to explain the extremely long lifetime (> 107s at low temperatures) of
the metastable state SI. Therefore, besides the small structural change observed
by neutron diffraction, a redistribution of the electron density must occur. The
absorption measurements show that during the excitation of the metastable state
SI intermediate states (an electron is excited into the anti-bonding π∗(NO)-orbital)
with a lifetime of the order of several microseconds are excited. This lifetime is
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long enough for the remaining electrons (mainly at the Fe) to relax into a new
configuration. The excited electron relaxes from the π∗(NO)-orbital back into the
3d(Fe) orbitals embedded in this new potential. Conclusions about the population
of the different orbitals can be drawn from Mössbauer measurements [60]. From the
measured increase in the quadrupole splitting it was concluded that the population of
the π∗(NO)-orbital is increased, while the populations of the 3dz2-, 3dxz,yz-, and 4pz-
orbitals are decreased. The change of the isomer shift (to more positive values) can
be explained by a decrease of the total charge in the 4s-orbital. This redistribution
of charge density might also explain why the observed transitions in the absorption
measurements do not agree very well with the energetic position from the calculated
orbital configuration, which is based on the isonitrosyl configuration. On the other
hand it also could lead to misinterpretation of x-ray data, where the scattering occurs
at the electrons.

The conclusion of a small change in the bonding angle fits also in the classification
scheme of Feltham and Enemark [58], where the nitrosyl complexes are classified as
[M(NO)m]n species with n being the total number of electrons associated with the
metal d and/or π∗(NO)-orbitals. Their final conclusion is that for six-coordinate
mononitrosyl complexes the M-N-O angle is 180±10◦ for n ≤6 (SNP), 145±10◦ for
n = 7, and 125±10◦ for n = 8. Moreover the almost linear configuration of the
C1-Fe-N4 angle in SI compared to GS is in agreement with Mössbauer experiments,
where an increase of this angle towards a more linear configuration was observed
[61].

In a recent structural study of the compound Na2[Ru(NO2)4NOOH]·2H2O, using
synchrotron radiation [62], the metastable state SI is described with a significant
increase in the Ru-NO bond length and a decrease in the Ru-N-O angle. The attempt
to refine the metastable state SI with an isonitrosyl configuration (Ru-ON) failed
also for this compound.
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Chapter 3

Strontiumbariumniobate (SBN)

Strontiumbariumniobate, SrxBa1−xNb2O6 (0.25≤ x ≤ 0.75), is a photorefractive
material usable in a variety of optical applications, such as optical data storage [63]
and data processing [64] as well as optical phase conjugation [65]. The applications
are based on the high photorefractive sensitivity and the large pyroelectric, electro-
optic, and piezoelectric coefficients [66, 67, 68]. SBN is a relaxor ferroelectricum, i.e
the ferroelectric phase transition is smeared out over a broad temperature range and
some features of the ferroelectric phase are still present above the maximum temper-
ature Tc of the phase transition. For example no significant loss of the polarization
can be detected by macroscopic methods (pyroelectric measurements), when heating
just above Tc [69]. Nevertheless it has been shown that SBN has a critical phase
transition temperature Tc (80◦-85◦C) and some critical exponents are determined by
evaluating the temperature dependence of the birefringence [70] or NMR measure-
ments [71]. On the basis of these results Lehnen et al. [72] proposed a random field
Ising model to explain the relaxor behaviour of SBN.

The average structure of congruently melting Sr0.61Ba0.39Nb2O6 (SBN), space-
group P4bm (No. 100), has been determined by x-ray diffraction [73], showing that
the structure is a three-dimensional network of NbO6-octahedra linked at their cor-
ners forming alternating five- and four-membered rings (see Fig. 3.1). The structure
contains two crystallographically non-equivalent Nb-atoms: Nb1 and Nb2. The Nb1-
octahedra have point-symmetry mm2 and form infinite chains of the composition
[NbO5]5− along the crystallographic c-axis. The Nb2-octahedra are located in gen-
eral positions (point symmetry 1) and form channels along the c-axis of square cross
section. The Sr atoms occupy positions of symmetry 4 inside these square channels.
The pentagonal channels are wider than the square channels. All the Ba and some
of the Sr atoms are located in such larger channels (point symmetry m), which are
not fully occupied. Five Sr and Ba atoms are distributed over six sites.

This structure is a suitable host lattice for a variety of dopants such as rare
earths and intermetallic elements, e.g. Ce, which is incorporated on a Sr2+ position
[74, 75], or Cr, which is incorporated on a Nb5+-position [76]. The doping with rare
earths for example enhances the photorefractive properties [77] and is therefore used
to tune the physical properties of SBN crystals used in optical applications.

In the early structure determinations of SBN [78] split positions for Oxygen
atoms were introduced to account for the disorder caused by the Sr/Ba distribu-
tion in the crystals. Later Schneck et al. [79] observed satellite spots at positions
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Figure 3.1: Projection of the average structure of SBN along the c-axis.

(h ± 1+δ
4 , k ± 1+δ

4 , l ± 1
2) with δ =0.26(5) in Sr0.71Ba0.29Nb2O6, which revealed the

incommensurate nature of the structural modulation. These results were confirmed
by Balagurov et al. [80] in neutron time-of-flight measurements on Sr0.7Ba0.3Nb2O6

where δ = 0.22(1) was found. More time-of-flight studies revealed that the mod-
ulation parameter δ is slightly decreasing with increasing Ba-concentration x for
different compositions 0.46< x < 0.75 [81]. From electron diffraction measure-
ments on Sr0.5Ba0.5Nb2O6 δ = 0.190(5) was reported [82]. Only recently x-ray
measurements with a systematic collection of satellite reflections were performed
on a Sr0.61Ba0.39Nb2O6 single crystal and subsequently analyzed in terms of the
superspace formalism [83].

In the first part of this chapter neutron diffraction experiments on a single crystal
of Sr0.61Ba0.39Nb2O6 are presented. Neutron diffraction is used for this structural
investigation, because the neutron scattering length of O (5.803 barn) is of the same
order of magnitude as that of the heavy nuclei Sr (7.02 barn) and Ba (5.06 barn).
Therefore the description of a positional modulation of the Oxygen atoms beside the
heavy atoms Strontium and Barium is possible with high accuracy. The data are
analyzed using the superspace approach for the description of the two-dimensional
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incommensurate modulation.
In the second part of this chapter the magnetic properties of SBN crystals doped

with Cerium and Chromium are described. In these susceptibility and magnetization
measurements the magnetic dopants are used as a local probe to gain information
about the structure of SBN.

3.1 Neutron diffraction

3.1.1 Superspace approach

The superspace approach provides an elegant method to account for the incommen-
surate modulation of a structure by describing it in higher-dimensional space.

Main reflections and satellites

Modulated crystal structures are characterized by appearance of reflections at non-
Bragg positions (in three dimensions). The positions of these reflections in reciprocal
space can be described using

Q(h, k, l, mi) = hb1 + kb2 + lb3 +
d∑

i=1

miQi (3.1)

where b1, b2,b3 are the reciprocal lattice vectors (h, k, l, mi integers) and

Qi = Qi,a · b1 + Qi,b · b2 + Qi,c · b3 (3.2)

are called modulation vectors. The modulation is called commensurate if all Qi,j

(i = 1, ..., d, j = a, b, c) are rational and incommensurate if at least one of the Qi,j is
irrational. Reflections with all mi = 0 are called main reflections, whereas diffraction
spots with at least one mi 6= 0 are called satellites. The Fourier transform of the main
reflections is the average structure in real space. Taking into account the satellite
reflections, the Fourier transform yields a structure in real space which does not
exhibit translation symmetry anymore. To overcome this problem de Wolff [84] and
Janner &Janssen [85, 86] developed the so-called superspace approach. Thereby the
reciprocal lattice is embedded in a higher dimensional space R∗

n+d (n= dimension of
the average structure, d =number of modulation vectors). The measured reflections
are the projection of this higher-dimensional lattice onto R∗

n as illustrated in Fig. 3.2
for the four-dimensional case, i.e. for only one modulation vector. The Fourier
transform of this projection is a section of a higher-dimensional structure which
possesses again the full translational symmetry in real space Rn+d. In the following
a short description of this superspace approach is given for the five-dimensional case
(R∗

3+2), as this is the one applied to the investigated material.

The higher-dimensional structure in R5 (d = 2)

For a modulated structure with two independent modulation vectors Q1 and Q2 all
reflections can be described using five indices:

Q(h, k, l, m, n) = hb1 + kb2 + lb3 + mQ1 + nQ2. (3.3)
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Q1

e4

b'4

b1 R*
3

Figure 3.2: Projection of the four dimensional superspace lattice onto R∗
3 along e4

(perpendicular to R∗
3). The new reciprocal basis vector b′4 = Q1 + e4 is introduced

to describe the lattice in four dimensions.

The modulation vectors can be described using the reciprocal lattice vectors:

Q1 = Q11b1 + Q12b2 + Q13b3, (3.4)
Q2 = Q21b1 + Q22b2 + Q23b3. (3.5)

The direct lattice A with base vectors a1,a2,a3 contravariant to the reciprocal
lattice B with base vectors b1,b2,b3 describes the average structure of the crystal.
The A-lattice vectors cannot all be vectors of translation symmetry, or there would
be no satellites. In reciprocal space the structure can be described with five base
vectors b1,b2,b3,Q1,Q2. But there is no set of vectors contravariant to them in
the three-dimensional real space.

The satellites are considered as projections of lattice points of a five-dimensional
lattice B′ in five-dimensional space R∗

5 onto the three-dimensional space R∗
3. Assum-

ing the projection to be orthogonal to R∗
3, the lattice B′ can be based on vectors b′i,

three of which lie in R∗
3:

b′1 = b1,b′2 = b2,b′3 = b3,b′4 = Q1 + e4,b′5 = Q2 + e5 (3.6)

where e4 and e5 are unit vectors perpendicular to R∗
3. A set of vectors a′i reciprocal

to b′i can be found using the condition:

a′i · b′j = δij . (3.7)
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One set of vectors fulfilling equation 3.7 is:

a′1 = a1 −Q11e4 −Q21e5, (3.8)
a′2 = a2 −Q12e4 −Q22e5, (3.9)
a′3 = a3 −Q13e4 −Q23e5, (3.10)
a′4 = e4, (3.11)
a′5 = e5. (3.12)

This set of vectors spans a lattice in direct space which exhibits again the full trans-
lational symmetry. But how is the actual electron density (x-rays) or nuclear scat-
tering density (neutrons) ρ connected to the periodic density ρ′ obtained in this
five-dimensional space? The answer is given by the nature of the Fourier transfor-
mation itself. In reciprocal space the reflection pattern is treated as a projection
onto R∗

3, i.e:
F3(ρ) = projection of F5(ρ′) along e4 and e5. (3.13)

The Fourier transform of a projection is given through a section. Therefore ρ is a
section of ρ′, obtained by intersecting ρ′ with the hyperplane R3, which is perpen-
dicular to e4 and e5 by definition. The coordinates in R5 with respect to the base
a′1,. . . ,a

′
5 are x1,. . . ,x5. The hyperplane R3 perpendicular to e4 and e5 is defined by

e4 · (x1a′1 + x2a′2 + x3a′3 + x4a′4 + x5a′5) = 0, (3.14)
e5 · (x1a′1 + x2a′2 + x3a′3 + x4a′4 + x5a′5) = 0, (3.15)

or equivalent

x4 −Q11x1 −Q12x2 −Q13x3 = 0, (3.16)
x5 −Q21x1 −Q22x2 −Q23x3 = 0. (3.17)

Therefore two new coordinates t = x4−Q11x1−Q12x2−Q13x3 and u = x5−Q21x1−
Q22x2 − Q23x3 are introduced and Eqs. 3.16 and 3.17 reduce to t = 0 and u = 0.
Fig. 3.3 shows as an example the Fourier map of a positionally modulated atom
in four-dimensional space using the new coordinate system introduced in equations
3.8-3.12.

Modulated crystal structures

A modulated crystal structure is obtained from normal structures by modifying some
parameter p of an atom at (x̄1, x̄2, x̄3)

p(Q11x̄1 + Q12x̄2 + Q13x̄3, Q21x̄1 + Q22x̄2 + Q23x̄3) (3.18)

in such a way that it becomes a periodic function with unit period, i.e.

p(x + nx, y + ny) = p(x, y) (3.19)

with nx, ny integers. This function can be different for different atoms in the unit
cell, but the constants Qi,j are the same for all atoms. The parameter p can be a
fractional coordinate (displacive modulation), a magnetic moment (magnetic mod-
ulation), an average occupational fraction (substitutional modulation), or even the
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Figure 3.3: Fourier map showing a positionally modulated atom as a function of the
coordinate x4. In four dimension the structure is periodic, whereas in R3 in every
unit cell a different position of the atom is found.

displacement parameters of an atom. Such a crystal is a section through a five-
dimensional structure if each atom is represented in R5 by strings in the directions
of e4 and e5. In each section t = constant and u = constant the strings appear as
an atom again. In order to yield the modulated structure in R3 the value of p has
to be

p(t + Q11x̄1 + Q12x̄2 + Q13x̄3, u + Q21x̄1 + Q22x̄2 + Q23x̄3) (3.20)

with t = constant and u = constant. According to 3.16 and 3.17 this is identical to
p(x4, x5) referring to the point in R5 defined by the given values of t, u and x̄i.

Structure factor for modulated structures (d = 2)

The displacive modulation of the ν’th atom in the unit cell defined by n can be
described as follows [87]:

rnν = r0
ν + n + uν{Q1 · (n + gν),Q2 · (n + gν)} (3.21)

where r0
ν is the average position of the atom ν, uν is a two-dimensional periodic

vector field uν(x4, x5) = uν(x4 + n4, x5 + n5) (n4, n5 integers). Q1,2 are the in-
commensurate modulation vectors and the vector gν determines the phase reference
point of the displaced entity, which can be chosen in several ways [88]. Here the
atomic displacement model is considered, i.e. gν = r0

ν . The vector field uν is
the general modulation function of the atomic position. It can be expanded into a
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truncated Fourier series (using l harmonic waves):

uν =
l∑

i=1

Us
ν(i) sin [2πQ̄i · (n + r0

ν)] +
l∑

i=1

Uc
ν(i) cos [2πQ̄i · (n + r0

ν)] (3.22)

where

Q̄i =
d=2∑
j=1

αijQj (3.23)

are selected linear combinations of the modulation vectors (αij integers, d: number of
independent modulation vectors). Us

ν(i), Uc
ν(i) (i = 1, 2) are the amplitudes of the

sine- and cosine displacement waves, respectively. In the harmonic approximation
(l = d, αij = δij) one obtains in R5 (d = 2)

uν =
2∑

i=1

Us
ν(i) sin [2πQi · (r0

ν + n)] +
2∑

i=1

Uc
ν(i) cos [2πQi · (r0

ν + n)]. (3.24)

The structure factor is given by the sum over the reciprocal lattice points
(N1, N2, N3):

Fν(Q) = fν(Q)
(N1,N2,N3)∑
n=(0,0,0)

exp
{

2πiQ ·
(
r0
ν + n+

2∑
i=1

{
Us

ν(i) sin [2πQi · (r0
ν + n)]+

+ Uc
ν(i) cos [2πQi · (r0

ν + n)]
})}
(3.25)

where fν(Q) is the atomic scattering factor and Q the scattering vector. Since in
the structure factor only the projections Q ·Us

ν(i) and Q ·Uc
ν(i) appear, Eq. 3.25

can be simplified using

Uν(i) =
√

[Q ·Us
ν(i)]2 + [Q ·Uc

ν(i)]2 (3.26)

tan(φν(i)) =
Q ·Uc

ν(i)
Q ·Us

ν(i)
(3.27)

yielding

Fν(Q) = fν(Q)
(N1,N2,N3)∑
n=(0,0,0)

exp
{

2πi
(
Q · (r0

ν + n)+

+
2∑

i=1

Uν(i) sin [2πQi · (r0
ν + n)− φν(i)]

)}
.

(3.28)

Using the Jacobi-Anger expansion

exp (iz sinα) =
∞∑

m=−∞
exp (−imα)J−m(z) (3.29)
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where J−m is the Bessel function of order m, Eq. 3.25 can be written as

Fν(Q) = fν(Q)
∞∑

m=−∞
J−m(2π Uν(1)) exp(imφν(1)) exp(−2πimQ1 · r0

ν)

×
∞∑

n=−∞
J−n(2πUν(2)) exp(inφν(2)) exp(−2πinQ2 · r0

ν)

×
(N1,N2,N3)∑
n=(0,0,0)

exp[2πin · (Q−mQ1 − nQ2)] exp (2πiQ · r0
ν).

(3.30)

For Ni � 1 the sum over n leads to the delta function δ(τ−Q+mQ1+nQ2), where
τ = hb1 + kb2 + lb3. Therefore reflections occur for Q = τ + mQ1 + nQ2. Main
reflections representing the average structure have m = n = 0, whereas satellites
have m 6= 0 or/and n 6= 0. Using J−n(x) = (−1)nJn(x) and assuming that the
satellites do not overlap one obtains

Fν(h, k, l, m, n) = fν(Q) exp(2πiτr0
ν)Jm(2πUν(1))(−1)m exp(imφν(1))
× Jn(2πUν(2))(−1)n exp(inφν(2)).

(3.31)

From Eq. 3.31 one can see that one harmonic positional modulation wave generates
satellites up to ’infinite’ order. The intensity of the mth satellite is proportional
to the square of the mth Bessel function. Therefore the intensity of higher order
satellites decreases rapidly and large values of Uν(i) lead to strong satellites.

Harmonic occupational (substitutional) modulation, i.e when two atoms with
different scattering power f1ν and f2ν are located at the same position rν

fν =
f1ν + f2ν

2
+

f1ν − f2ν

2
[sin (2πQ1rν) + sin (2πQ2rν)] (3.32)

generates only first order satellites with structure factors

Fν(h, k, l, 0, 0) = f1ν+f2ν

2 exp (2πiτ00rν), (3.33)

Fν(h, k, l,±1, 0) = f1ν−f2ν

2 exp (2πiτ±10rν), (3.34)

Fν(h, k, l, 0,±1) = f1ν−f2ν

2 exp (2πiτ0±1rν). (3.35)

The main reflection is at τ00 = hb1 + kb2 + lb3 and the two satellites for each
modulation vector appear at τ±1,0 = hb1 +kb2 + lb3±Q1 and τ0,±1 = hb1 +kb2 +
lb3 ±Q2.

Superspace groups

The 775 superspace groups for one-dimensionally modulated structures have
been tabulated by De Wolff et al. [89] and Yamamoto et al. [90]. Tables for
the 3355 superspace groups for two-dimensionally and for the 11764 superspace
groups for three-dimensionally modulated crystal structures can be found at
http://quasi.nims.go.jp/yamamoto/index.html [91].
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Computer program for refinement

The refinements are carried out with the computer program JANA2000 developed by
V. Petř́ıček and M. Dušek [54]. This program is especially suited for the refinement
of single crystal data (x-rays and neutrons) and offers the possibility of refinement of
modulated structures in superspace. Refinement of powder data is also possible and
a version including refinement of magnetic structures is under construction. It can
be downloaded from http://www-xray.fzu.cz/jana/jana.html for Windows, UNIX,
and MacOSX.

3.1.2 Experiment

Two different data sets on the same Sr0.61Ba0.39Nb2O6 single crystal1 (size:
4×4×5 mm3, Fig. 3.4) were collected at the single-crystal diffractometers TriCS at
SINQ/PSI Villigen [92] and 5C2 at LLB/Saclay using single detectors. In Table 3.1
the collection parameters are summarized. In both cases the crystal was poled before
the experiment by applying an electric field along the c-axis of the crystal in order
to obtain a monodomain sample. (TriCS: 500 V/mm during 15 hours at T = 23◦C,
5C2: 270 V/mm at T = 130◦C). Q-scans through first order satellites were performed
on the triple-axis spectrometer TASP at SINQ/Villigen [93] in order to find higher
order satellite reflections.

3.1.3 Results

Average structure

The average structure is refined in the space group P4bm (No. 100). The tetragonal
lattice parameters are a=12.481(8) Å, c=7.885(6) Å (c is doubled in order to match
later needs in the refinement of the modulated structure). The Ba content is fixed
at 1 − x = 0.39. Furthermore the atoms Sr2 and Ba2 sharing the same crystallo-
graphic position (site 4c) are constrained to the same coordinates and displacement

1grown by R. Pankrath using the Czochralski method at the Physical Faculty of the University
in Osnabrück/Germany

Figure 3.4: SBN crystal.
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Table 3.1: Experimental data collection parameters for SBN.
TriCS/SINQ 5C2/LLB

space group P4bm(pp 1
2
, p− p 1

2
) P4bm(pp 1

2
, p− p 1

2
)

Z 10 10
wavelength λ (Å) 1.1791(13) 0.835(1)
T (K) 300 300
a (Å) 12.4881(3) 12.4815(3)
c (Å) 7.8993(2) 7.8856(2)
V (Å3) 1231.9 1228.5
d (g/cm3) 5.241 5.256
[sin (θ)/λ]max (Å−1) 0.715 1.00
abs. coeff. (mm−1) 0.002 0.001
T ∗

min 0.9922 0.9944
T ∗

max 0.9933 0.9953
crystal dimensions (mm3) 4 · 4 · 5 4 · 4 · 5
hmax 12 24
kmax 15 17
lmax 10 15
mmax 1 1
nmax 1 1
no. of meas. reflections 2488 8230
no. of unique reflections 792 4795
no. of main reflections 1500 1486
no. of first order satellite reflections 838 5875
no. of second order satellite reflections 150 869

R†
e.s.d. 0.0356 0.0182

R†
int 0.036 0.0285

no. of refined reflections 792 5256
no. of obs. reflections (I>3σ) 1777 2527
no. of obs.main reflections (I>3σ) 1157 1220
no. of obs. first order satellite reflections (I>3σ) 620 1307
no. of obs. second order satellite reflections (I>3σ) 0 0

g‡iso (10−4) 0.04611 0.105528
∗transmission factors, i.e. minimal and maximal amount of transmitted neutrons
†R-factors of merging process (see Appendix D)
‡Isotropic extinction correction of type I (Lorentzian distriution) is used [51, 52, 53].

parameters. Isotropic extinction correction of type I (Lorentz distribution) has been
applied [51, 52, 53]. The refinement with isotropic displacement parameters Uiso

yields agreement factors R = 0.195, S = 26.3 (see Appendix D for definitions). The
refined parameters are given in Table 3.2. The refinement can be improved by intro-
ducing anisotropic displacement parameters Uij (i, j = 1, 2, 3) yielding R = 0.093,
S = 12.2, at the cost of negative values for the atom Nb1 (Tables 3.3 and 3.4). In
both cases large displacement parameters are obtained for Sr2/Ba2 and all Oxygen
atoms. Sr2/Ba2, O4 and O5 exhibit large values of U11, U22, and U12 whereas for
O1, O2 and O3 large values of U33 are obtained, indicating that the modulation
of the former are within the tetragonal plane, whereas that of the latter are along
the crystallographic c-direction. Refining the atoms Sr2/Ba2 unrestricted does not
improve the quality of the fit and is therefore not considered for the final refinement.
Looking at the difference Fourier map (Fig. 3.5) one can clearly see the missmatch in
the refinement at the O4 and O5 positions. Refining split positions for the O4 atom
improves the agreement factors by 30% to R = 0.063 but at the cost of negative dis-
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Table 3.2: Structural parameters obtained from the refinement of the average struc-
ture of SBN using isotropic displacement parameters Uiso.
atom site occupancy x y z Uiso (10−3)

Nb1 2b 1 0 0.5 -0.0012(10) 2.4(8)
Nb2 8d 1 0.07592(19) 0.21185(19) -0.0047(12) 2.0(6)
Sr1 2a 0.76(2) 0 0 0.2382(2) 2(1)
Sr2 4c 0.38(2) 0.1716(5) 0.6716(5) 0.2469(22) 21(2)
Ba2 4c 0.4875 0.1716(5) 0.6716(5) 0.2469(22) 21(2)
O1 4c 1 0.2186(3) 0.2814(3) -0.017(1) 10(1)
O2 8d 1 0.1380(4) 0.0674(4) -0.027(1) 14(1)
O3 8d 1 -0.0063(4) 0.3426(4) -0.028(1) 13.6(9)
O4 8d 1 0.0817(9) 0.2030(10) 0.241(4) 55(3)
O5 2b 1 0 0.5 0.254(5) 54(5)

Table 3.3: Structural parameters obtained from the refinement of the average struc-
ture of SBN using anisotropic displacement parameters Uij (i, j = 1, 2, 3).

atom site occupancy x y z

Nb1 2b 1 0 0.5 0.0013(5)
Nb2 8d 1 0.07429(8) 0.21146(9) -0.0071(6)
Sr1 2a 0.693(12) 0 0 0.2382(2)
Sr2 4c 0.416(12) 0.1722(2) 0.6722(2) 0.2412(8)
Ba2 4c 0.4875 0.1722(2) 0.6722(2) 0.2412(8)
O1 4c 1 0.2187(1) 0.2813(1) -0.0199(8)
O2 8d 1 0.1391(2) 0.0680(1) -0.0255(8)
O3 8d 1 -0.0056(2) 0.3433(1) -0.0247(9)
O4 8d 1 0.0767(4) 0.2049(3) 0.2291(6)
O5 2b 1 0 0.5 0.2312(10)

placement parameters for several atoms and is therefore rejected as an unphysical
solution of the structure. As is evident from the difference Fourier map (Fig. 3.5),
one would have to introduce more than two positions to describe the behaviour at
the O5 position. The refinement of the average structure from neutron data is in
agreement with that observed by x-rays [83], but also shows that a more elaborate
approach is needed to describe the structure of SBN.
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Table 3.4: Anisotropic displacement parameters Uij (10−3) in the average structure
of SBN.
atom U11 U22 U33 U12 U13 U23 (10−3)

Nb1 5.8(5) 5.8(5) -1.6(7) 0.0(5) 0 0
Nb2 6.5(5) 5.3(4) 4.3(5) 1.1(3) 1.0(5) -1.1(6)
Sr1 3.1(8) 3.1(8) 0(1) 0 0 0
Sr2 40(1) 40(1) 9(1) -30(2) 0.2(2) 0.2(7)
Ba2 40(1) 40(1) 9(1) -30(2) 0.2(2) 0.2(7)
O1 8.5(6) 8.5(6) 28(2) -5.6(6) 1.7(9) -1.7(9)
O2 14.7(8) 3.2(6) 68(3) 8.1(5) -15(1) -6(1)
O3 14.0(7) 3.3(6) 86(3) 5.2(5) -16(2) -1(1)
O4 118(4) 43(2) 0(1) -48(2) -1(1) -1(1)
O5 86(4) 86(4) 0(1)) 14(5)) 0 0

z = 0.229
y

x-0.20 0.00 0.20

0.10

-0.10

0.30

0.50

O4

O5

Figure 3.5: Difference Fourier Map of the refined average structure at z =0.229
showing the atoms O4 (0.0767,0.2049,0.229) and O5 (0,0.5,0.231) (circles). Contours
1 , maximum 8.2, minimum -8.2.
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Modulated structure

For the determination of the modulated structure satellite reflections at positions
given through the modulation vectors Q1,2 = (0.3075,±0.3075, 0.5) were collected
(Table 3.1). The refinement is performed in the superspace group P4bm(pp1

2 , p−p1
2),

doubling the cell along the c-axis to take the third component of the modulation
vectors into account. Starting from the average structure two harmonic positional
modulation waves are introduced for all atoms. Again the parameters of Sr2/Ba2 are
constrained to equal values. Two harmonic modulation waves for the displacement
parameters of Sr2/Ba2 are introduced in order to take the occupational disorder on
this position into account. A separate refinement of the atoms Sr2 and Ba2 using
harmonic occupational modulation waves leads to strong correlations between those
parameters and is therefore rejected for the final refinement of the structure. Except
for the atoms Nb2 and Sr2/Ba2 the displacement parameters are chosen isotropic,
since the refinement of anisotropic displacement parameters leads to negative values
for the Oxygen atoms. Final refinement of the structure yields total agreement
factors of R = 0.1425, S = 10.2 and agreement factors of RB = 0.0713 and RS =
0.2653 for main and satellite reflections, respectively. The parameters of the final
refinement are given in Tables 3.5 and 3.6. The sine- and cosine part of the harmonic
modulation waves belonging to the two modulation vectors are indicated by s,m, n
and c,m, n(m,n = 0, 1), e.g. s, 1, 0 is the sinusoidal modulation contribution from
the modulation vector Q1 (see Eq. 3.24). The atoms Sr2/Ba2, O4, and O5 are
strongly modulated in the tetragonal ab-plane whereas the atoms O1, O2, and O3
are mainly modulated along the c-direction of the crystal. The atoms Nb1, Nb2, and
Sr1 exhibit only a small positional modulation. Fig. 3.6 shows the observed positional
modulation for the atoms O3, O4, and O5 together with the fitted positions along
the first modulation vector Q1. The modulation amplitudes are 0.54 Å for O4 and
0.47 Å for O5 in the tetragonal plane and 0.46 Å for O3 along z. In Table 3.7 the
interatomic distances for the Nb-octahedra and Sr-/Ba-polyhedra are listed and in
Table 3.8 the angles are given. The values obtained for the Nb-octahedra are in
excellent agreement with the values obtained from x-ray measurements [83]. For the
Sr/Ba-polyhedra the same is true for the average values, whereas the minimal and
maximal values show discrepancies larger than the estimated standard deviations,
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Figure 3.6: Observed positional modulation of Oxygen atoms. Lines are fitted atomic
positions.
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Table 3.5: Atomic coordinates and Fourier amplitudes of the displacive modulation
functions (Eq. 3.24) of SBN .
atom wave occupancy x y z Uiso (10−3)

Nb1 1 0 0.5 -0.0013(4) 2.4(2)
s, 1, 0 -0.0025(4) -0.0025(4) 0
c, 1, 0 0 0 -0.0011(9)
s, 0, 1 0.0012(4) -0.0012(4) 0
c, 0, 1 0 0 -0.0009(9)

Nb2 1 0.07452(5) 0.21140(5) -0.0100(4) -
s, 1, 0 0.0003(4) -0.0003(4) -0.0031(4)
c, 1, 0 -0.0008(4) -0.0003(4) -0.0025(4)
s, 0, 1 -0.0021(4) -0.0000(4) -0.0013(4)
c, 0, 1 0.0007(4) -0.0002(4) 0.0010(4)

Sr1 0.70(1) 0 0 0.2357(2) 1.8(5)
s, 1, 0 -0.0018(5) -0.0005(5) 0
c, 1, 0 0 0 -0.0062(8)
s, 0, 1 -0.0005(5) -0.0018(5) 0
c, 0, 1 0 0 -0.0062(8)

Sr2 0.41(1) 0.1720(2) 0.6720(2) 0.2350(8) -
s, 1, 0 0.0030(5) 0.0030(5) 0.006(1)
c, 1, 0 0.0016(5) 0.0016(5) -0.009(1)
s, 0, 1 0.0077(7) -0.0077(7) 0
c, 0, 1 -0.0013(5) -0.0013(5) -0.001(2)

Ba2 0.4875 0.1720(2) 0.6720(2) 0.2350(8) -
s, 1, 0 0.0030(5) 0.0030(5) 0.006(1)
c, 1, 0 0.0016(5) 0.0016(5) -0.009(1)
s, 0, 1 0.0077(7) -0.0077(7) 0
c, 0, 1 -0.0013(5) -0.0013(5) -0.001(2)

O1 1 0.21847(9) 0.28153(9) -0.0229(4) 2.9(3)
s, 1, 0 0.0000(5) 0.0000(5) 0
c, 1, 0 -0.0024(4) 0.0024(4) 0.0180(6)
s, 0, 1 -0.0021(5) 0.0021(5) 0.0094(8)
c, 0, 1 -0.0072(2) 0.0072(2) -0.0136(7)

O2 1 0.13930(5) 0.06820(8) -0.0272(5) 1.6(3)
s, 1, 0 0.0057(4) 0.0027(4) 0.0219(7)
c, 1, 0 -0.0024(7) -0.0026(6) 0.0192(9)
s, 0, 1 -0.0055(5) -0.0027(5) 0.0106(6)
c, 0, 1 0.0094(5) 0.0037(4) -0.024(1)

O3 1 -0.00593(9) 0.34351(8) -0.0262(5) 1.9(4)
s, 1, 0 0.0086(4) 0.0021(3) -0.0308(5)
c, 1, 0 -0.0005(7) 0.0031(6) -0.0112(9)
s, 0, 1 -0.0025(5) -0.0012(5) -0.0248(6)
c, 0, 1 0.0071(5) 0.0042(4) 0.0085(10)

O4 1 0.0759(2) 0.2051(1) 0.2254(4) -2.0(4)
s, 1, 0 -0.0131(5) 0.0192(2) 0.0006(7)
c, 1, 0 -0.0255(3) 0.0040(4) -0.0022(4)
s, 0, 1 -0.0099(6) -0.0025(5) 0.0091(6)
c, 0, 1 0.0104(5) -0.0016(5) 0.0044(8)

O5 1 0 0.5 0.2276(6) 4.4(7)
s, 1, 0 -0.0203(3) -0.0203(3) 0
c, 1, 0 0 0 -0.002(2)
s, 0, 1 0.0175(3) -0.0175(3) 0
c, 0, 1 0 0 -0.002(2)
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Table 3.6: Anisotropic displacement parameters Uij (10−3) and their modulation
Fourier amplitudes (Å2). The description of modulated displacement parameters
is similar to that of modulated positional parameters (see Eq. 3.21-Eq. 3.24 and
Ref. [54]).

atom wave U11 U22 U33 U12 U13 U23 (10−3)

Nb2 5.7(3) 4.3(3) 3.2(3) 1.5(2) 0.1(3) -0.2(3)
Sr2/Ba2 32(2) 32(2) 16(2) -24(2) 1(1) 1(1)

s, 1, 0 -19(3) -19(3) -11(3) 22(3) 5(2) 5(2)
c, 1, 0 -2(3) -2(3) 26(2) -2(4) -3(2) -3(2)
s, 0, 1 -7(2) 7(2) 0 0 5(2) -5(2)
c, 0, 1 6(3) 6(3) 10(3) -4(4) 15(1) 15(1)

z = 0.225, x4 = 0.000, x5 = 0.000

0.50

0.30

0.10

-0.10

y

-0.20 0.200.00
x

O5

O4

Figure 3.7: Difference Fourier map of the refined modulated structure at z =0.229
showing the atoms O4 and O5 (circles). Contours 5, maximum 34.8, minimum -35.9.

especially those distances to O4 and O5. This means that the neutron measurements
reveal a slightly larger modulation of the O4 and O5 atoms than found by x-rays.

Looking at the difference Fourier map (Fig. 3.7) one observes that the O5 position
is now well described when compared with the results from the average structure
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Table 3.7: Interatomic distances in the NbO6-octahedra and SrO-polyhedra. The
symmetry codes are given in Table 3.9.

average minimal maximal

Nb1-O octahedra
Nb1-O3,O3i,O3ii,O3iii 1.97(2) 1.86(2) 2.09(2)
Nb1-O5 1.83(2) 1.79(3) 1.86(1)
Nb1-O5iv 2.17(2) 2.10(3) 2.21(2)

Nb2-O octahedra
Nb2-O1 2.00(2) 1.95(2) 2.07(2)
Nb2-O2 1.99(2) 1.94(2) 2.05(2)
Nb2-O2iv 2.01(2) 1.97(2) 2.05(2)
Nb2-O3 1.95(2) 1.89(2) 2.00(2)
Nb2-O4 1.89(2) 1.76(2) 2.01(2)
Nb2-O4iv 2.12(2) 2.00(2) 2.23(2)

Sr1-O polyhedra
Sr1-O2,O2v,O2viii,O2x 2.84(2) 2.43(2) 3.26(2)
Sr1-O2vi,O2vii,O2ix,O2xi 2.70(2) 2.49(2) 2.94(2)
Sr1-O4,O4v,O4viii,O4x 2.76(2) 2.45(2) 3.02(2)

Sr2/Ba2-O polyhedra
Sr2-O1xii 2.80(2) 2.65(2) 2.97(2)
Sr2-O1xiii 2.72(2) 2.58(2) 2.88(2)
Sr2-O2xiii 3.29(2) 2.95(2) 3.61(2)
Sr2-O2xv 3.28(2) 2.95(2) 3.61(2)
Sr2-O3i 2.93(2) 2.70(2) 3.18(2)
Sr2-O3xvi 2.82(2) 2.54(2) 3.12(2)
Sr2-O3ii 2.92(2) 2.70(2) 3.18(2)
Sr2-O3xvii 2.80(2) 2.54(2) 3.12(2)
Sr2-O4xii 3.21(2) 2.51(2) 3.84(2)
Sr2-O4i 3.46(2) 2.78(2) 4.13(2)
Sr2-O4ii 3.50(2) 2.78(2) 4.13(2)
Sr2-O4xiv 3.16(2) 2.51(2) 3.84(2)
Sr2-O5 3.07(2) 2.63(2) 3.44(2)

refinement, whereas the O4 position still lacks optimal description. The harmonic
model is not able to describe all features of the structure correctly. One needs to
introduce higher harmonic waves (or steplike functions) to describe the behaviour
of the atom O4 . Since no higher order satellites at positions given by 2 · Q1,2

and Q1 ±Q2 could be observed in the neutron measurements, the harmonic model
cannot be extended based on the measured data. However, as the higher order
satellites have much less intensity than the first-order satellites, not observing them
does not mean that they are not present. Observation of higher order satellites would
help to distinguish between occupational (just first order satellites, Eqs. 3.34,3.35)
and positional modulation (higher order satellites, Eq. 3.31). Another possibility
is the existence of another type of modulation in the crystal superimposed on the
one described by the two modulation vectors Q1,2. Indications pointing into this
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Table 3.8: Angles in the NbO6-octahedra.
average minimal maximal

Nb1-O octahedra
O3-Nb1-O3i 167.0(7) 163.6(6) 169.2(9)
O3-Nb1-O3ii 93.3(5) 86.3(5) 100.5(5)
O3-Nb1-O3iii 85.6(5) 74.7(5) 95.1(5)
O3-Nb1-O5 96.1(5) 95.1(6) 97.7(5)
O3-Nb1-O5iv 83.9(5) 82.6(4) 84.8(5)
O5-Nb1-O5iv 179.4(4) 179.2(5) 179.8(2)

Nb2-O octahedra
O1-Nb2-O2 91.2(6) 84.1(6) 98.2(6)
O1-Nb2-O2v 171.9(6) 167.6(7) 175.7(6)
O1-Nb2-O3 94.5(6) 84.5(6) 105.5(6)
O1-Nb2-O4 93.8(6) 88.1(6) 98.2(6)
O1-Nb2-O4iv 87.2(5) 82.5(5) 92.8(5)
O2-Nb2-O2v 88.5(6) 78.1(6) 96.5(7)
O2-Nb2-O3 169.1(7) 161.0(7) 173.5(6)
O2-Nb2-O4 91.8(6) 83.8(5) 99.6(6)
O2-Nb2-O4iv 83.7(5) 78.1(5) 89.9(5)

O2iv-Nb2-O3 85.0(6) 75.7(6) 95.2(6)
O2iv-Nb2-O4 92.7(6) 88.1(6) 97.4(6)
O2iv-Nb2-O4iv 86.2(6) 81.4(6) 90.3(6)

O3-Nb2-O4 95.5(6) 88.0(6) 104.1(6)
O3-Nb2-O4iv 88.8(6) 82.0(5) 94.7(5)
O4-Nb2-O4iv 175.3(6) 173.4(6) 176.9(6)

Table 3.9: Symmetry codes
(i) −x, 1− y, z (vii) −y, x, 1

2 + z (xiii) 1
2 − x, 1

2 + y, 1
2 + z

(ii) 1
2 − y, 1

2 − x, z (viii) −x,−y, z (xiv) y, 1− x, z
(iii) −1

2 + y, 1
2 + x, 1

2 + z (ix) −x,−y, 1
2 + z (xv) y, 1− x, 1

2 + z
(iv) x, y,−1

2 + z (x) y,−x, z (xvi) −x, 1− y, 1
2 + z

(v) −y, x, z (xi) y,−x, 1
2 + z (xvii) 1

2 − y, 1
2 − x, 1

2 + z
(vi) x, y, 1

2 + z (xii) 1
2 − x, 1

2 + y, z

direction were found in an experiment on the SBN single crystal performed on the
triple-axis spectrometer TASP at SINQ. Q-scans through several first order satellites
were performed in order to check for the presence of higher order satellites. The
triple-axis spectrometer provides ideal conditions for such kind of experiments, since
the background can be decreased by orders of magnitude when introducing energy
analysis of the scattered neutrons. Furthermore, the higher wavelength used in this
experiment (2.3 Å compared to 1.18Å at TriCS) increases the distance between the
peaks in reciprocal space. Fig. 3.8 shows a Q-scan along Q1 = (0.3075, 0.3075,±0.5)
through the (0.3075,5.3075,±0.5) satellites and the Bragg reflection (0,5,0). It reveals
two more satellites beside the first order satellites, which cannot be indexed as higher
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Table 3.10: Additional satellites found in the Q-scans on the triple-axis spectrometer
TASP. Background: ≈ 30 counts/monitor 30000.
type h k l maximum intensity

(cnts/mon 30000)

Bragg 2 1 2 9761(99)
1st order satellite 1.6925 0.6925 1.5 5634(75)
additional satellite 1 1.89 0.89 1.825 266(16)
additional satellite 2 1.73 0.73 1.5625 174(13)
Bragg 2 1 1 20654(144)
1st order satellite 1.6925 0.6925 1.5 5583(75)
additional satellite 1 1.65 0.65 1.575 134(12)
additional satellite 2 1.46 0.46 1.875 411(20)
Bragg 0 5 0 88(9)
1st order satellite 0.3075 5.3075 0.5 4519(67)
additional satellite 1 0.215 5.215 0.35 522(23)
additional satellite 2 0.52 5.52 0.85 250(16)
1st order satellite 0.3075 5.3075 -0.5 4369(66)
additional satellite 1 0.215 5.215 -0.35 578(24)
additional satellite 2 0.515 5.515 -0.8375 385(20)
Bragg 1 1 1 6172(79)
1st order satellite 1.3075 1.3075 1.5 4199(65)
additional satellite 1 1.35 1.35 1.56 169(13)
additional satellite 2 1.5 1.5 1.825 252(16)
Bragg 1 1 2 3359(58)
1st order satellite 1.3075 1.3075 1.5 4545(67)
additional satellite 1 1.08 1.08 1.875 436(21)
additional satellite 2 1.26 1.26 1.575 161(13)

order satellites of the incommensurate modulation vectors Q1,2. One is very close
to the first-order satellite and may therefore not be seen in a diffraction experiment
at lower wavelength. Additional satellites are observed also beside other first-order
satellites as summarized in Table 3.10. The intensity is about one order of magnitude
less than for the first order satellites, which means that in a diffraction experiment
one has to count much longer to get reasonable statistics on those reflections.

3.1.4 Conclusions

The refinement using the harmonic model with the two incommensurate modulation
vectors Q1,2=(0.3075,±0.3075,0.5) describes the main features of the modulated
structure of SBN. A large positional modulation of the Oxygen atoms is observed,
and since the modulation of the Nb atoms is much smaller, the positional modulation
can be seen as a rotational modulation of NbO6-octahedra. The Sr and Ba atoms
in the pentagonal channels are mostly affected by the rotational modulation of the
octahedra and their displacement parameters are modulated strongly, as the atoms
encounter a different surrounding in different unit cells. Triple-axis experiments
have indicated that there are satellite peaks which cannot be described by the two
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Figure 3.8: Q-scans through the (0.3075,5.3075,±0.5) satellites, measured on
TASP/SINQ. Additional satellites are observed at positions not coinciding with
higher order satellites.

modulation vectors used in the structural refinement. Therefore more harmonic
waves or even a second type of modulation have to be introduced to account for
the unsatisfactory description of some parts of the structure. Since these additional
satellites have very weak intensity, a diffraction experiment collecting those satellites
may be performed only at a synchrotron source or the strongest neutron source
available (ILL Grenoble).
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3.2 Macroscopic measurements

3.2.1 Paramagnetism

The magnetic properties of SBN:Ce, Cr were investigated by macroscopic experimen-
tal techniques (magnetization-, susceptibility-measurements). The data obtained in
such experiments can be described and analyzed on the basis of microscopic mod-
els, yielding then information about the number density of magnetic ions and the
spin-lattice relaxation process. In the following a short description of the underlying
physical mechanisms and the derivation of the equations used in the data analysis
of the experimental results is given. The magnetization measurements are analyzed
using Eqs. 3.37 and 3.38. For the description of the static susceptibility Eq. 3.40 is
used. The real and imaginary part of the dynamic susceptibility can be described
using Eqs. 3.68-3.70, yielding the mean spin-lattice relaxation time. In order to dis-
tinguish between the different processes contributing to the spin-lattice relaxation
Eq. 3.51 is fitted to the temperature dependence of the relaxation times obtained
from the analysis of the dynamic susceptibility.

Magnetic moment of a magnetic ion subsystem

Consider a magnetic subsystem with arbitrary spin-quantum number. In an external
magnetic field H the energy of the system is E = −µ ·H (Zeemann splitting), where
µ = gµBJ and J denotes the total angular momentum. Choosing the quantization
axis along z one obtains E = mgµBHz, where m is the quantum number of the
projection Jz of J. The average magnetic moment < µz > of one atom is given
through

µz =

∑J
m=−J(−mgµB) exp

(
−mgµBHz

kBT

)
∑J

m=−J exp
(
−mgµBHz

kBT

) . (3.36)

Performing the sum over m one obtains for the the magnetization M of one mole of
magnetic ions

M = NA < µz >= NAgµBJBJ

(
gµBHz

kBT

)
(3.37)

where NA is Avogadro’s number and BJ is the Brillouin function

BJ

(
gµBHz

kBT

)
=

1
J

[
(J +

1
2
) coth

[
(J +

1
2
)
(

gµBHz

kBT

)]
− 1

2
coth

(
gµBHz

2kBT

)]
.

(3.38)
There are two limiting cases:

1. gµBHz

kBT � 1: BJ = 1

2. gµBHz

kBT � 1: BJ = (J + 1)gµBHz

3kBT .

In the second case, using M = χHz, one recovers the well known Curie law :

χ =
NAg2µ2

BJ(J + 1)
3kBT

=
C

T
(3.39)
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with the Curie constant C = 0.125g2J(J + 1) cm3 Kmol−1. In the first case one
obtains the saturation moment M = NAgµBJ . Eq. 3.39 is valid for an ideal para-
magnet, i.e. the zero-field splitting due to the crystalline electric field is not con-
sidered. In real solids there is always a crystalline electric field felt by the magnetic
ion. Taking this into account one finds the Curie-Weiss law

χ =
C

T − θc
(3.40)

where the paramagnetic Curie temperature θc is related to the exchange integral
and θc > 0 leads to parallel spin alignment (ferromagnetism) and θc < 0 leads to
antiparallel spin alignment (antiferromagnetism).

Relaxation time

Relaxation in general describes the transition of a physical system from a non-
equilibrium state to thermodynamic equilibrium or the response of the system to an
external disturbance. In the case of paramagnetic relaxation the relevant thermo-
dynamic variables are magnetization, temperature, and magnetic field

M = M(H,T ) (3.41)

where T is the temperature of the surrounding heat sink in which the system of inves-
tigation is placed. If one changes the magnetic field strength H, the magnetization
M of the system must change such that the equilibrium condition Eq. 3.41 is ful-
filled. Therefore the magnetic moments of the system (crystal) are realigned relative
to the applied magnetic field. These relaxation processes have a finite probabil-
ity and therefore the macroscopic magnetization reaches equilibrium after a certain
relaxation time τ . In the case where the magnetic field is applied parallel to the
magnetization direction the relaxation equation is

dM

dt
=

M0 −M

τ
(3.42)

where M denotes the actual value at time t and M0 the equilibrium value of the
system. The equilibrium value of the magnetization can also be time dependent,
e.g. when the external magnetic field varies with time H = H(t):

M0 = M0(H(t), T ). (3.43)

The relaxation times τ are normally very short, but when studying a magnetic ma-
terial by means of techniques that require an oscillating field, the magnetization
may no longer be able to follow the field change instantaneously. One important
relaxation process to be considered is the spin-lattice relaxation. During the mag-
netization of the system the magnetic moments are aligned parallel to the applied
magnetic field, and therefore Zeeman-energy is released and is transferred into other
types of energy. In the case of the spin-lattice relaxation the Zeeman energy is
transferred to the lattice vibrations (phonons).
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Spin-lattice relaxation

Consider a paramagnetic crystal with only one type of magnetic ions, experiencing
all the same crystal field. Let the lowest lying energy level of the crystal field splitting
be a Kramers doublet. The magnetic field is parallel to the main axis of the crystal
field (H ‖ z) and therefore the Zeeman splitting of the doublet is linear in H. The
Zeeman energies of the two levels |1 > and |2 > are then (see Fig. 3.9)

E1 = −mgµBH, E2 = mgµBH, (3.44)

and the energy difference ∆ between the two levels is

∆ = 2mgµBH = ~ω (3.45)

At low enough temperature only these two Zeeman components are occupied. Their
occupation n1 and n2 defines the spin temperature TS :

n2

n1
= exp

(
− ∆

kBTS

)
. (3.46)

In thermodynamic equilibrium the spin temperature TS and the lattice- or phonon
temperature TG are equal to the temperature T of the surrounding heat sink (TS =
TG = T ) and the occupation numbers fulfill the equilibrium condition

n2

n1
=

N2

N1
= exp

(
− ∆

kBT

)
. (3.47)

At zero magnetic field N1 = N2, since ∆ = 0 (Eq. 3.47). Applying a constant
magnetic field the doublet splits into two singlets, which are still populated equally,
i.e. TS = ∞ (Eq. 3.46) and TS � TG. In order to recover thermal equilibrium
energy must flow from the spin system to the lattice, until both systems have the
same temperature T as the surrounding heat sink. Therefore transitions from the
upper Zeeman component |2 > into the lower one |1 > must occur. Thereby the
excitation energy is transferred to the lattice vibrations and the crystal is magnetized
since the two levels |1 > and |2 > have opposite magnetic moments ∓mgµB. The
momentary magnetization is therefore

M = (n1 − n2)mgµB = (n1 − n2)
~ω

2H
. (3.48)

n1−n2 is the momentary difference in occupation between lower and upper Zeeman
component. In thermal equilibrium M → M0 and n1, n2 → N1, N2. The three main
spin-lattice relaxation processes are (see Fig. 3.9):

1. Direct process: This is the relaxation process in which one magnetic ion flips
to another energy level under the absorption or emission of the energy of one
phonon. The frequency ω of the required phonon is determined by ~ω = ∆ if
∆ is the energy change of the magnetic ion.

2. Raman process: In this non-resonant scattering process a phonon with fre-
quency ω1 is absorbed, causing the magnetic ion to reach a so-called virtual
or non-stationary state from which it instantaneously decays by emission of a
new phonon with frequency ω2. The phonon frequencies are related to each
other by ~(ω1 − ω2) = ∆.
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Figure 3.9: Schematic drawing of the three spin-lattice processes.

3. Orbach process: There is a possibility that a direct, resonant two-phonon pro-
cess occurs via a real intermediate state, if the paramagnetic ion has, in ad-
dition to the ground state levels, another level at such a position that the
phonons can excite the ion into this state. In this case the phonon frequencies
are also determined by ~(ω1−ω2) = ∆ and by the energy gap between ground
and intermediate state ∆′.

The three different types of relaxation processes are schematically indicated in
Fig. 3.9. The inverse processes occur at the same time in the opposite direction,
with smaller probability when switching on the magnetic field, and higher probabil-
ity when turning of the magnetic field, after the principle of detailed balance. The
above mentioned processes run parallel, so that the spin-lattice relaxation frequency
τ−1 is the sum of all contributing single relaxation processes:

1
τ

=
1
τD

+
1
τR

+
1
τO

. (3.49)

Often one relaxation process dominates in a certain temperature region, so that
the different processes can be distinguished experimentally from their temperature
dependence. If one wants to calculate the magnitudes of the time constants that
characterize these processes and their dependence on temperature and external mag-
netic field one has to consider the spin-lattice interaction mechanism in detail. The
derivation of 1/τD for the direct process is given in Appendix E. The detailed cal-
culations can be found in the literature [94, 95, 96, 97]. One obtains the following
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results (assuming 2mgµBH � kBT � ∆′)

1
τ

= A1H
2T + B1T

7 + C1 exp
(
− ∆′

kBT

)
(3.50)

1
τ

= A2H
4T + B2T

9 + C2 exp
(
− ∆′

kBT

)
(3.51)

1
τ

= A3H
2 + B3T

5 (3.52)

where 3.50 refers to non-Kramers ions (even number of electrons), 3.51 to Kramers
ions (odd number of electrons) with an ’isolated’ doublet, and 3.52 to Kramers
ions with various doublets (energy difference between the doublets small compared
to kBT ). The constants Ai, Bi, and Ci vary from one magnetic substance to an-
other. These equations show the characteristic features of the spin-lattice relaxation
processes. The terms representing the direct process (first term in Eqs. 3.50-3.52)
depend on the magnetic field H, while the others do not. The reason for this dif-
ferent behaviour is found in the assumed phonon distribution. In the direct process
phonons of one particular frequency are involved, and the number of such phonons
depends not only on temperature but also on the energy and therefore on the ap-
plied magnetic field. In the Raman (second term) and Orbach processes (third term),
phonons of all available energies participate as only the difference between two of
them is important and the total number of phonons does not vary with external
magnetic field.

Susceptibility in alternating fields

There are two important experimental techniques to investigate paramagnetic relax-
ation: a) abrupt change of the external field at t = 0 from H0 to H and b) stationary
measurement of the dynamic susceptibility dM/dH in an applied alternating mag-
netic field. In this work only the second method, the so-called dispersion-absorption
method, was used and will be considered here. Thereby a weak alternating field
heiωt is applied additionally parallel to the external magnetic field H0, so that the
absolute value of the applied magnetic field is oscillating with the angular frequency
ω around the average value H0

H(t) = H0 + Re[heiωt], h � H0. (3.53)

The system of magnetic ions is not always capable of following the changes of the
oscillating external field immediately. Therefore the redistribution of the magnetic
spins over the energy levels proceeds via a relaxation process characterized by a time
constant τ as given by one of the Eqs. 3.50-3.52. It will make a difference whether
one period of an oscillating field takes a long or a short time compared to the time
constant τ , as in the latter case the magnetic spins are unable to redistribute in
an optimal or equilibrium way over their energy levels. For the calculation of the
frequency dependence of the dynamic susceptibility one considers again a system of
one mole of magnetic ions with two possible spin states |1 > and |2 >. One can
rewrite Eq. 3.47 as function of a mean transition probability w

w12 = w exp
(
− ∆

2kBT

)
and w21 = w exp

(
∆

2kBT

)
. (3.54)
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Using δn = n1−n2 and Eq. E.4 one obtains for high temperatures (i.e. ∆ � 2kBT )

1
2

dδn

dt
=

wNA∆
2kBT

− wδn. (3.55)

Solving Eq. 3.55 for ∆ and taking the time derivative, one obtains

d∆
dt

=
2kBT

wNA

(
w

dδn

dt
+

1
2

d2δn

dt2

)
. (3.56)

As mentioned above, measurements of the differential susceptibility are performed
by adding a small oscillating field h to an applied external field H0. The magnetic
ions will try to reach an equilibrium distribution over the energy levels in accordance
with the value of the magnetic field. It seems plausible to assume that the difference
in the population numbers of the energy levels will oscillate also

δn = δn0 + Re[yeiωt]. (3.57)

The effect of the spin-lattice relaxation will be apparent in the parameter y. The
magnetic ions will be in equilibrium at the time scale that is used, if the oscillations
in H are slow compared to τ , so y is maximal. On the other hand a large value for
the angular frequency ω will imply a small value for y. Taking the time derivatives
of Eq. 3.57 and solving Eq. 3.56 for y one obtains

y =
d∆
dt

wNA

2kBT
[(iwω − 1

2
ω2)eiωt]−1. (3.58)

Assuming a symmetric (i.e. E1 = −E2) and linear (M = M0 + Re[meiωt]) system
one finally obtains the differential susceptibility as a function of y

χ =
dM

dH
=

m

h
=

1
2

d∆
dH

y

h
+

1
2
δn0

d2∆
dH2

. (3.59)

Using Eq. 3.58 to eliminate y, and the time derivative of H to remove h from this
expression, the result may be given as

χ =
NA

4kBT

(
d∆
dH

)2 1
1 + iωτ

+ O

(
d2∆
dH2

)
. (3.60)

where Eq. E.8 was used (1/τ = 2w). The first term in this equation is frequency
dependent and there is a direct relation between ω and τ . In the case where ωτ � 1
(i.e. when the oscillations in H occur slowly compared to the time constant τ) the
differential susceptibility becomes

χ =
NA

4kBT

(
d∆
dH

)2

+ O

(
d2∆
dH2

)
. (3.61)

This value of the susceptibility is identical to the static susceptibility χ = M/H as
can be tested by inserting ∆ = gµBH and (d∆/dH) = gµB into Eq. 3.61:

χ =
NAg2µ2

B

4kBT
. (3.62)
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This low-frequency limit of the differential susceptibility, which is called the isother-
mal susceptibility χT , is indeed the well known Curie law for a S = 1/2 paramagnet.
In the limit ωτ � 1, which means that the magnetic ions are incapable of following
the fast oscillations of the field H, the first term of Eq. 3.60 vanishes and one obtains

χ = O

(
d2∆
dH2

)
. (3.63)

This situation represents an assembly of magnetic spins uncoupled from its sur-
roundings. Eq. 3.63 is the so-called adiabatic susceptibility χad, which is strongly
field-dependent and at strong fields χad → 0. One can introduce the two suscepti-
bilities defined above in Eq. 3.60:

χ(ω) =
χT − χad

1 + iωτ
+ χad. (3.64)

This so-called Debye equation gives an adequate description of the frequency de-
pendence of the differential susceptibility as long as it is possible to characterize
the spin-lattice relaxation process with a single time constant τ . One can split the
complex quantity χ in Eq. 3.64 into its real and imaginary part:

χ′(ω) =
χT − χad

1 + ω2τ2
+ χad (3.65)

χ′′(ω) =
ωτ(χT − χad)

1 + ω2τ2
(3.66)

The two susceptibility limits that were introduced above display the in-phase compo-
nent χ′: χ′ = χT if ω � τ−1 and χ′ = χad if ω � τ−1. The out-of-phase component
χ′′ approaches zero at these limits, but shows a maximum around the frequency
ω = τ−1, the height of the maximum being 1

2(χT − χad).

Cole-Cole formalism

In real systems it is often not enough to account for the observed relaxation with
only one time constant τ . The Cole-Cole formalism [98] involves a modeling of
the dynamics at a given temperature onto a distribution of relaxation times that is
symmetric on a logarithmic time scale. The Cole-Cole equation may be written as

χ(ω) =
χT − χad

1 + (iωτc)1−α
+ χad, (3.67)

where τc is the mean relaxation time. The parameter α determines the width of the
distribution, such that α = 1 corresponds to an infinitely wide distribution, while
for α = 0 Eq. 3.67 reduces to the Debye equation 3.64 with a single relaxation time.
Eq. 3.67 may be decomposed into

χ′(ω) = χad +
χT − χad

2

(
1− sinh[(1− α)ln(ωτc)]

cosh[(1− α)ln(ωτc)] + sin(1
2απ)

)
(3.68)

χ′′(ω) =
χT − χad

2

(
cos(1

2απ)
cosh[(1− α)ln(ωτc)] + sin(1

2απ)

)
. (3.69)
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For the purpose of adjusting experimental data to the Eqs. 3.68 and 3.69 one often
rewrites the two equations into one in the complex plane (Cole-Cole diagram):

χ′′(χ′) = − χT − χad

2 tan[12π(1− α)]

+

(χT − χad

2

)2

+

(
χT − χad

2 tan[12π(1− α)]

)2

−
(

χ′ − χT + χad

2

)2
 1

2

.

(3.70)

This yields χT , χad, and α, and permits τc to be extracted from a fit of Eqs. 3.68
and 3.69 with χT , χad, and α set at the values determined in the fitting of Eq. 3.70.
Eq. 3.70 represents a circular arc of size (1−α)π cutting the χ′ axis at χ′ = χad and
χ′ = χT . At the maximum of χ′′: ωτc = 1.
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3.2.2 Experimental results and analysis

DC-measurements

The magnetic properties of SBN single crystals doped with Cerium and Chromium
are investigated using the Physical Properties Measurement System (PPMS) of
Quantum Design. Thereby the measurements are performed with the extraction
method. The external magnetic field is always applied perpendicular to the c-axis of
the SBN crystal.

The SBN crystal doped with Ce (1.6 wt% CeO2 in the melt) has a density2

of ρ = 5.3048 gcm−3 and the number of Ce-atoms per cubic centimeter is nCe =
1.70 · 1020 cm−3 [74]. The SBN crystal doped with 20000 ppm Cr has a density of
ρ = 5.29 gcm−3 and nCr = 1.66 · 1020 cm−3 [76].

In Figs. 3.10a and 3.10b the field dependences of the magnetization M(H) for
SBN:Ce and SBN:Cr at low temperatures are shown. The indicated lines correspond
to the fit of the data measured at different temperatures to Eq. 3.37 (Brillouin func-
tion). Thereby the g-value and the constant B, corresponding to the number of
moles of Ce or Cr atoms contributing to the signal, are refined. The angular mo-
menta J are fixed to the ground state values J = 5/2 for SBN:Ce and J = 3/2
for SBN:Cr. For SBN:Cr the fit yields g = 1.880 , which is slightly smaller than in
the literature (g = 1.98) and may be due to demagnetization effects at the crystal
surface. Furthermore the number density is determined as nCr3+ = 1.51 · 1020 cm−3.
For SBN:Ce one obtains g = 1.158 and nCe3+ = 7.17 · 1019 cm−3. The Landé g-value
for Ce3+ is gJ = 6/7, but since the crystal field splits the ground state into the
doublets | ± 1/2 > (g = 6/7), | ± 3/2 > (g = 18/7), | ± 5/2 > (g = 30/7), the
effective g value may differ from gJ , depending on the position and population of
the doublets. E.g. a combination of 82% of | ± 1/2 > and 18% of | ± 3/2 > yields
g = 0.82 · 6/7 + 0.18 · 18/7 = 1.166. Comparing the number density of Ce3+ ions in
the crystal with the total number of Ce ions one obtains the ratio nCe3+/nCe = 0.42

2measurement by T. Granzow, University at Cologne (unpublished)
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Figure 3.10: a) M(H) for SBN:Ce. b) M(H) for SBN:Cr.
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Table 3.11: Parameters obtained from DC-measurements. ∗ from M(H) (Fig. 3.10),
† from χ(T ) (Fig. 3.11), ‡ from Refs. [74, 76]

J g∗ n (cm−3)∗ n (cm−3)† n (cm−3)‡ θ†c (K)

SBN:Ce 5
2 1.158 7.17·1019 7.43(3)·1019 1.70·1020 -0.14(3)

SBN:Cr 3
2 1.880 1.51·1020 1.67(1)·1020 1.66·1020 -0.25(3)

(using nCe = 1.70 · 1020 cm−3 [74]). Assuming that only Ce3+ and Ce4+ are present
in the crystal, i.e. nCe3+ + nCe4+ = nCe, one obtains the ratio nCe3+/nCe4+ = 0.73.
The static susceptibility follows the Curie-Weiss law in both compounds as shown
in Fig. 3.11. From the fit to the inverse susceptibility χ−1(T ) one can determine the
number density n from the slope b of the linear curve in Fig. 3.11

n = b−1C−1, C = 0.125g2J(J + 1) cm3Kmol−1 (3.71)

when using the g values determined from the field dependence of the magnetiza-
tion and the J values of the corresponding ground states. For SBN:Cr one obtains
nCr3+ = 1.67 ·1020 cm−3 in excellent agreement with the value from Ref. [76] whereas
for SBN:Ce nCe3+ = 7.43 · 1019 cm−3 is obtained yielding nCe3+/nCe4+ = 0.78.

The paramagnetic Curie temperatures are obtained from the abscissa a of the
inverse susceptibility

θc = −aC, C = 0.125g2J(J + 1) cm3Kmol−1. (3.72)

One obtains θc = −0.14(3)K for SBN:Ce and θc = −0.25(3)K for SBN:Cr. The
parameters obtained from the DC measurements are summarized in Table 3.11.
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AC-measurements

AC measurements on both samples reveal that the response of SBN:Ce is frequency
dependent whereas that of SBN:Cr is not. The frequency dependence of the dynamic
susceptibility of SBN:Ce is therefore studied as a function of temperature and applied
magnetic field. Fig. 3.12 shows as an example the frequency dependence of SBN:Ce
as a function of temperature at H=100 Oe and as function of applied magnetic
field for T = 2.3 K. The maximum in the imaginary part χ′′(ω) of the dynamic
susceptibility shifts to higher frequencies with increasing temperature and decreases
in size. On the other hand the maximum shifts to lower frequencies with increasing
magnetic field. The data can be fitted with the Cole-Cole Eq. 3.70, indicating that a
distribution of relaxation times is involved in the relaxation mechanism. In Fig. 3.13a
such a fit in the complex plane is shown for T = 3.3 K and H = 100Oe. From this fit
the adiabatic and isothermal susceptibility as well as the parameter α are obtained.
In this case α is close to zero, indicating that the relaxation time distribution is
narrow and the system is close to a Debye relaxor. The values determined for
χad, χT , and α are then used as input for the fit of the mean relaxation time τc,
obtained from a fit of Eqs. 3.68 and 3.69 to the curves χ′(ω) and χ′′(ω), as indicated
in Fig. 3.13b. Performing this fit procedure for every temperature measured at the

7x10-3

6

5

4

3

2

1

0

χ'
 (

em
u/

m
ol

)

101
2 4 6

102
2 4 6

103
2 4 6

104

ν (Hz)

2.5x10-3

2.0

1.5

1.0

0.5

0.0

χ'
' (

em
u/

m
ol

)

2 4 6

102
2 4 6

103
2 4 6

104

ν (Hz)

T H

 T=1.8 K
 T=2.3 K
 T=2.8 K
 T=3.3 K
 T=3.8 K
 T=4.3 K
 T=4.8 K

 H=50 Oe
 H=100 Oe
 H=200 Oe
 H=300 Oe
 H=400 Oe
 H=600 Oe
 H=800 Oe

 

T=2.3 KH=100 OeSBN:Ce

Figure 3.12: Frequency dependence of the dynamic susceptibility χ(ω) in SBN:Ce
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field H = 100 Oe, one obtains the temperature dependence of the relaxation time
presented in Fig. 3.14. Fitting Eq. 3.51 to this curve, one finds the contributions
of the different mechanisms involved in the relaxation process, determined by the
constants A2, B2 and C2 and the level splitting ∆′. Performing this procedure for all
measured fields (from 50 Oe to 2000Oe) one obtains the field dependence of the single
processes. The level splitting ∆′ = 20.6(4) K shows no observable field dependence
since a field-induced level splitting is small for field strength up to 2000 Oe. The
constant B2 = 7.5(5) ·10−6 s−1K−9 associated with the Raman processes is also field
independent.

The constants A2 and C2 on the other hand exhibit a field dependence as il-
lustrated in Fig. 3.15. Fitting a power law for the field dependence of the Orbach
process

C2 = C0H
y (3.73)

one finds y = −0.92(9) and C0 = 9(4) · 106 s−1 and therefore C2 ∼ H−1. This
can be understood when looking at the series expansion of the last term in Eq. 3.51
which yields 1/τ ∼ kBT/∆′. If ∆′ ∼ H one obtains the observed H−1 dependence.
Orbach processes can occur only in crystals where electronic energy levels are lying
within the phonon spectrum, i.e. where the condition

gµBH < ∆′ < kBθD (3.74)

is valid. For magnetic fields up to 2000Oe gµBH/kB < 0.5 K, so that the left
condition of Eq. 3.74 is always fulfilled. The Debye temperature θD of SBN:Ce is
approximately 300 K, as was checked by measuring the heat capacity of two SBN
samples doped with different amounts of Cerium (0.4wt% and 0.8 wt% CeO2 in the
melt).
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Figure 3.14: Temperature dependence of the mean relaxation time τc at H = 100Oe
in SBN:Ce. The fit was performed using Eq. 3.51. The dashed lines indicate the
contributions of the single processes involved in the relaxation.

In the case of the direct process one would not expect any additional field depen-
dence since a H4-dependence was already taken into account in the fit by Eq. 3.51.
Nevertheless the parameter A2 ranges over many orders of magnitude (10−7 to 10−13)
in the measured field range up to 2000 Oe. Fitting a power law to the field depen-
dence of A2

A2 = A0H
x (3.75)

one obtains A0 = 1.1(1) · 103 s−1Oe−4K−1 and x = −4.64(2). Taking the observed
H−4.64 dependence together with the expected H4 dependence one obtains a total
field dependence of the direct process of H−0.64. One has to be careful in inter-
preting this result, since the experimentally available temperature range, where the
direct process is dominating, is limited (see Fig. 3.14). One certainly has to take into
account the fact that a distribution of relaxation times is involved in the relaxation
process. This may affect the direct processes were only a limited number of phonons
within a small energy range is contributing to the spin-lattice relaxation. A further
explanation of the unexpected field dependence of the direct process may be the
appearance of the phonon bottleneck3 at low temperatures (see e.g. [99]). The exact

3at low temperatures there may be too few phonons available to conduct away the spin energy,
thereby producing a ”bottleneck”
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Figure 3.15: Field dependences of the fitted parameters A2 and C2. The lines
correspond to power laws fitted to the data. The values obtained from the fit are
summarized in Table 3.12.

Table 3.12: Relaxation parameters for SBN:Ce obtained from AC-measurements.
∆′ (K) A0 (s−1Oe−4K−1) x B2 (s−1K−9) C0 (s−1) y

20.6(4) 1.1(1)·103 -4.64(2) 7.5(5)·10−6 9(4)·106 -0.92(9)

crystal field levels are not known and temperatures below 1.8 K can not be reached
with the PPMS System used. Therefore a detailed theoretical analysis of this be-
haviour like Ruby et al. [100] have done for Ce3+ in Lanthanum Magnesium Nitrate
is presently not possible. The parameters obtained for the spin-lattice relaxation in
SBN:Ce are summarized in Table 3.12.

3.2.3 Conclusions

Measurements of the magnetization M(H) and the static susceptibility χ(T ) offer
the possibility to determine the number density n of magnetic ions doped into SBN
crystals. In the case of a SBN crystal doped with 20000 ppm Cr3+ this method
yields a number density nCr = 1.67 · 1020 cm−3 which is in good agreement with the
values measured by x-ray fluorescence (XRF) and instrumental neutron activation
analysis (INAA) [76]. For the SBN crystal doped with 1.6 wt% CeO2 in the melt
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(corresponds to 0.75% Ce concentration in the crystal [74]), one obtains the ratio of
nCe3+/nCe4+ = 0.78 which is considerably smaller than the one determined by INAA
[74] where nCe3+/nCe4+ = 32 was claimed for a crystal with 0.01% Ce concentration.
However, the correlation between Ce-doping concentration and ratio nCe3+/nCe4+

has not been investigated systematically so far. Therefore the fact that for the
highly doped crystal a much lower ratio nCe3+/nCe4+ is found, does not allow any
conclusion about the accuracy of the measurement method for the SBN:Ce crystals.
A systematic study , using a variety of dopants and doping concentrations, is needed
in order to understand this correlation.

The dynamic susceptibility of SBN:Ce shows a distinct frequency dependence.
Analysis of the data reveals that a distribution of relaxation times is involved in
the spin-lattice relaxation process. This can be explained by the fact that Ce3+

occupies a Sr-position in the SBN lattice, which is disordered due to the incommen-
surate modulation. Therefore every Ce3+ ion sees a slightly different environment.
This leads to a different level splitting and influences therefore the relaxation time
distribution. From Fig. 3.14 it can be seen that the Orbach process dominates the
relaxation behaviour of SBN:Ce in the temperature range 10K-3K. At the lowest
temperatures the direct process provides the fastest relaxation times. Raman pro-
cesses play only a minor role in this system over the measured temperature range
10 K-1.8K. The dynamic susceptibility of SBN:Cr does not exhibit a frequency de-
pendence. Cr occupies a Nb-position in the SBN lattice. This site is much less
disordered than the Sr-sites, as has been shown by the neutron diffraction results.
On the other hand, intermetallic elements have generally a different energy level
splitting due to the crystalline electric field than rare earths. From the suscepti-
bility measurements on these two samples one cannot decide, whether the unequal
position inside the SBN lattice or the different type of the dopant is responsible for
the diverse magnetic behaviour. A systematic study using a variety of dopants on
the two lattice sites is needed to understand this different behaviour.
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Chapter 4

Outlook

In Sodiumnitroprusside (SNP) two metastable states can be excited with light in the
spectral range ∆λ=350 nm-580 nm. The excitation and relaxation processes leading
to the extremely long living metastable states are still not completely understood.
Optical absorption spectroscopy on SNP single crystals has shown that the lifetimes
of the intermediate states in the excitation process (always involving an excitation
into the anti-bonding π∗(NO) orbital) are of the order of several microseconds. This
offers the possibility to investigate the whole excitation and relaxation process by
pump and probe experiments whereby a resolution of nanoseconds is sufficient. Ex-
citing the electrons with a pump pulse into the anti-bonding π∗(NO)-orbital and
following the relaxation into the metastable states with probing laser beams of dif-
ferent wavelength, one will obtain the lifetimes of the intermediate states and the
relaxation channels into the metastable states. This will contribute to the under-
standing of the long lifetime of the metastable states.

The incommensurately modulated structure of SBN has been determined us-
ing single crystal neutron diffraction. Using the superspace approach a reasonable
description of the observed data (main and first-order satellite reflections) is pos-
sible. Small deviations in the refinement and the existence of additional satellites,
discovered using neutron diffraction on a triple-axis instrument, suggest, that an
even more elaborate model has to be used in order to describe the structure of
SBN. Measurements using the intense light power of a synchrotron source or the
enhanced flux at advanced neutron sources, where higher order satellites can pos-
sibly be detected and where the collection of a large number of satellite reflections
is possible in a reasonable time, can help to gain more insight into the structure of
Sr0.61Ba0.39Nb2O6. Diffraction studies of SrxBa1−xNb2O6 with varying Strontium
content x (0.25≤ x ≤0.75) will be necessary to understand the subtle influence of
the modulated structure on the photorefractive properties of the material.

From the magnetization measurements on SBN compounds doped with Cerium
and Chromium the number density of the dopants could be determined. In the
case of the transition metal Chromium the result is in good agreement with other
methods (x-ray fluorescence and instrumental neutron activation analysis). There-
fore magnetization measurements may be used to determine the number density of
magnetic ions doped into diamagnetic materials. This is particularly interesting for
materials such as LiNbO3 which can be doped with a variety of elements, and which
are of technical importance.
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The susceptibility measurements yield information about the local environment
of the magnetic ion, as demonstrated for SBN:Ce. They can be used to gain infor-
mation about the spin-lattice relaxation processes in these systems. Together with
crystal field and structural measurements, one will be able to draw a very detailed
picture of the local environment of the Ce3+ ion in SBN. This can be used to improve
the models describing the photorefractive effect in these materials. A systematic in-
vestigation, using a variety of dopants on the different lattice sites available in SBN,
offers the possibility to study in detail the influence of slightly different environments
on the magnetic properties of the dopants.
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Appendix A

Calculation of lifetime and
oscillator strength from
absorption spectra

Consider a simple quantum system with two energy levels: E2 (upper) and E1

(lower). At equilibrium this system satisfies

N2

N1
=

g2

g1
exp

(
−E2 − E1

kBT

)
(A.1)

where N1 and N2 are the populations of the energy levels E1 and E2 and g1 and g2

are their degeneracies. When this system is irradiated with light of the frequency
ν21, it leaves thermal equilibrium through the transition 1→2 , whose probability
is B12U(ν12). U(ν12) is the spectral flux density. The return of the system to
equilibrium, i.e the transition 2→1 , can occur through two processes. Its probability
is therefore the sum of the spontaneous transition probability given by the Einstein
coefficient A21 and the induced transition probability B21U(ν21): A21 + B21U(ν21).
The equilibrium condition for the system is

B12U(ν21)N1 = A21N2 + B21U(ν21)N2 (A.2)

Using Eq. A.1 and hν21 = E2 − E1 one obtains

U(ν21) =
A21

B12
g1

g2
exp

(
hν21
kBT

)
−B21

(A.3)

Comparison of this expression with the classical Planck formula for equilibrium flux
density inside a closed cavity

U(ν21) =
8πhν3

c3

1

exp
(

hν21
kBT

)
− 1

(A.4)

reveals a universal relation between the Einstein coefficients

B12
g1

g2
= B21 (A.5)
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B21 =
c3

8πhν3
21n

3
A21. (A.6)

If monochromatic light of frequency ν21 and density I0 meets such a two-level system
of length l, the equilibrium condition becomes

A21N2 = I0
hν21n

c
(B12N1 −B21N2)g(ν) (A.7)

where g(ν) is the attenuation form factor. The flux attenuation in the two-level
medium along l is given by

− 1
I0

dI

dl
=

hν21n

c
B12N1

(
1− g1N2

g2N1

)
g(ν). (A.8)

Integrating over the whole length one obtains

I = I0e
−α(ν)l = I0e

−D (A.9)

where α(ν) is the absorption coefficient

α(ν) =
D

l
=

hν21n

c
B12N1

(
1− g1N2

g2N1

)
g(ν). (A.10)

Inserting A.6 yields

α(ν) =
A21c

2N1

8πn2ν2
21

g2

g1

(
1− g1N2

g2N1

)
g(ν) (A.11)

For N1 ≫ N2 the second term can be neglected compared to the first one. Inte-
grating then over the absorption band yields∫

α(ν)dν =
A21c

2N1

8πn2ν2
21

g2

g1
(A.12)

since ∫
g(ν)dν = 1. (A.13)

Finally one can solve for A21 and therefore obtains the lifetime τ21

1
τ21

= A21 =
g1

g2

8πn2ν2
21

c2N1

∫
α(ν)dν (A.14)

Integrating over ν̃ (cm−1) instead of ν (Hz) one obtains

1
τ21

= A21 =
g1

g2

8πn2

N1
ν̃2
21c

∫
α(ν̃)dν̃ (A.15)

where ν = cν̃ and dν = cdν̃ was used. In Eq.A.15 the lifetime τ21 of the excited
state is now directly related to the measured absorption band (area and position
ν21). The probability of spontaneous emission for an electric dipole transition is
given through

A21 =
64π4ν3

21

3hc3
P 2

0 (A.16)
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where P0 is the amplitude of a matrix element of the dipole moment P . Here one can
introduce the so called oscillator strength f21 in place of the transition probability

f21 =
8π2mν21

3he3
P 2

0 (A.17)

where m and e are the electron mass and charge, respectively. Comparing A.16 and
A.17 one obtains

f21 =
mc3

8π2e2

1
ν2
21

A21 (A.18)

and using again the substitution of ν by ν̃ one gets

f21 =
mc

8π2e2

1
ν̃2
21

A21. (A.19)

Inserting A.15 one obtains a direct relation between the oscillator strength and the
measured area of the absorption band

f21 =
mc2

πe2

g1

g2

n2
a,b,c

N1

∫
α(ν̃)dν̃ (A.20)

where the refractive indices along the different axes na,b,c have to be chosen corre-
sponding to the measurement situation.
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Appendix B

Character tables

The point group C4v consists of a fourfold axis z and four reflection planes containing
this axis. The two reflections labeled σv are taken in the planes xz and yz, while
those labeled σd are taken in the two diagonal planes containing the z-axis.

Table B.1: Character table for C4v [101]
C4v E 2C4v C2 2σv 2σd Bases

a1 1 1 1 1 1 x2 + y2, z2

a2 1 1 1 -1 -1 -
b1 1 -1 1 1 -1 x2 − y2

b2 1 -1 1 -1 1 xy
e 2 0 -2 0 0 xz, yz

The point group Cs consists of the identity E and a reflection σ (taken in the xy-
plane).

Table B.2: Character table for Cs

Cs E Ē σ σ̄ Bases

a’ 1 1 1 1 Sz; x, y
a” 1 1 -1 -1 Sx,Sy; z
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Appendix C

Determination of the population
of the metastable state SI in
SNP from absorption
experiments

Fig.C.1a shows the measured shift of the extinction band in the absorption experi-
ment with polarization of the probing light along the a-axis of the SNP crystal. The
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Figure C.1: Determination of the population PSI of SI from the measured shift of
the narrow extinction band. a) λ(Q) for E‖a. b) PSI(Q).
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Q-dependence of the shift can be described using

λ(Q) = λ0 + B ·
(

1− exp
(
− Q

Q0

))
(C.1)

The fit for the presented measurement yields λ0 = 493 ± 1 nm, B = 9.2 ± 0.2 nm,
and Q0 = 570± 25 Ws/cm2. The starting wavelength is not equal to the population
wavelength of 476.5 nm due to the different refraction indices along the a- and c-axis
of the SNP crystal. Correcting for this difference using

λ0 = λpop
na

nc
(C.2)

one obtains λ0 = 495 nm using the refractive indices na=1.6350 and na=1.5736 [102]
at the population wavelength 476.5 nm. This is in reasonable agreement with the
fitted λ0 from the measurement. The population of the metastable state follows

PSI(Q) = Pλpop ·
(

1− exp
(
− Q

Q0

))
(C.3)

where the saturation population Pλpop depends on the used population wavelength
[24]. Using Pλpop = 46% and Q0=570Ws/cm2 as determined from Fig.C.1a one
obtains the results indicated in Fig. C.1b.
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Appendix D

Statistical quantities in
single-crystal refinement

The R-factor is defined as

R =
∑

hkl ||Fobs| − |Fcalc||∑
hkl |Fobs|

(D.1)

where Fobs,calc are the observed and calculated structure factors.
Goodness of fit S is defined as

S =

√∑
hkl w(Fobs − Fcalc)2

m− n
(D.2)

for the refinement based on F , where m is the number of reflections and n is the
number of parameters in the refinement. The weight w is defined as

w =
1

σ2(|Fobs|) + (uFobs)2
(D.3)

where σ is the observed standard deviation of the structure factor and u is the
instability factor (usually chosen to be 0.01).
For the refinement based on F 2 the weight w′ is given by the expression

w′ =
w

4F 2
obs

(D.4)

and Goodness of fit S′ is defined as

S′ =

√∑
hkl w

′(F 2
obs − F 2

calc)
2

m− n
. (D.5)

For the merging of symmetry equivalent reflections (intensity I and structure
factor F ) the following R-values are used. The R-factor of the estimated standard
deviations (e.s.d.) is defined by the expression

Re.s.d. =
∑

σ(Fi)∑
Fi

. (D.6)
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The internal R-factor is defined as

Rint =
∑

i

∑
j

(Ij − Īi)
Īi

(D.7)

where i runs over all independent reflections and j over all equivalent reflections
corresponding to the independent reflection i.
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Appendix E

Relaxation time of the direct
process

The temperature and field dependence of the relaxation time τD = τD(H,T ) can
be determined by calculating the balance for the change in occupation of the two
Zeeman components n1 and n2. In other words, one calculates the excess of direct
processes running versus equilibrium against the inverse direct processes. Let ∆n(t)
be the deviation of the momentary occupation from equilibrium (Eq. 3.47). Taking
into account that n1 + n2 = NA one obtains

n1 = N1 −∆n(t) (E.1)
n2 = N2 + ∆n(t) (E.2)

and
n2 − n1 = N2 −N1 + 2∆n. (E.3)

The time dependence of the change in occupation is given by

dn2

dt
= −dn1

dt
(E.4)

dn1

dt
= −w12n2 + w21n1

= −w12N2 + w21N1 − (w12 + w21)∆n (E.5)

where wij is the probability for a transition from state |j > to |i >. The first
two terms in Eq. E.5 cancel each other, since N1,2 are the occupations in thermal
equilibrium, where no net flow from one state to the other is observed. Considering
Eq. E.4 one finds for the time dependence of the occupation difference

d(n2 − n1)
dt

= (w12 + w21) · 2∆n (E.6)

and using Eq. E.3

d(n2 − n1)
dt

= −(w12 + w21)[(N2 −N1)− (n2 − n1)]. (E.7)

This is a relaxation equation for the occupation difference with

w12 + w21 =
1
τD

. (E.8)
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The relaxation frequency τ−1
D is therefore the sum of the transition probabilities in

both directions. According to Eq. 3.48 Eq. E.7 is identical to the relaxation equation
for the magnetization

dM

dt
= (w12 + w21)(M0 −M). (E.9)

Introducing the probabilities for spontaneous emission A12, induced emission
B12u(ω), and absorption B21u(ω) of a resonant phonon of energy ~ω, one obtains

w12 = A12 + B12u(ω) (E.10)
w21 = B21u(ω) (E.11)

where u(ω) is the thermal part of the spectral phonon energy density. The Zeeman
splitting is usually so small that ~ω lies in the range of acoustic phonons. Therefore
one can apply the Debye theory as a good approximation. One finds that

u(ω) = u(ω, T )− u(ω, 0) (E.12)

is equal to

u(ω) =
P (~ω)3

exp (~ω/kBT )− 1
with P =

(v−3
L + 2v−3

T )
2π2~2

(E.13)

where vL and vT are the longitudinal and transversal phonon velocities, respectively.
Between the transition probabilities the following equations hold

B12 = B21, (E.14)
A12 = P (~ω)3B21. (E.15)

One obtains the relaxation frequency τ−1
D as a function of the phonon energy

1
τD

= [P (~ω)3 + 2u(ω)]B21 = B21P (~ω)3 coth
(

~ω

2kBT

)
. (E.16)

Eq. E.16 can be expressed as a function of H and T :

1
τD

= B21
(v−3

L + 2v−3
T )(2mgµBH)3

2π2~2
coth

(
2mgµBH

2kBT

)
. (E.17)

When the upper level is occupied considerably, i.e. for kBT � 2mgµBH, one finds

1
τD

= B21
(v−3

L + 2v−3
T )(2mgµBH)2kBT

π2~2
(E.18)

and τ−1
D → 0 for H → 0. On the other hand, when kBT � mgµBH, the upper level

is only weakly occupied, one finds the approximation

1
τD

= B21
(v−3

L + 2v−3
T )(2mgµBH)3

2π2~2
, (E.19)

i.e. the relaxation is independent of temperature.
Note: The field dependence ∼ H2 in Eq. E.18 is only true for ions with an even

number of electrons. For ions with an odd number of electrons direct processes
are quantum-mechanically forbidden in first order approximation (A12 = B21 = 0).
The crystal field can neither split its Kramers doublets, even in the presence of
deformations through phonons, nor can it induce transitions between its components
in first order. In second order approximation the transition probabilities are different
from zero (A12, B21 6= 0). But in second order a further H2 is coming in, and
therefore τ−1

D ∼ H4.
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[51] P. J. Becker and P. Coppens. Extinction within the limit of validity of the darwin
transfer equations. I. General formalisms for primary and secondary extinction and
their application to spherical crystals. Acta Cryst., A30:129–147, 1974.

[52] P. J. Becker and P. Coppens. Extinction within the limit of validity of the darwin
transfer equations. II. Refinement of extinction in spherical crystals of SrF2 and LiF.
Acta Cryst., A30:148–153, 1974.

[53] P. J. Becker and P. Coppens. Extinction within the limit of validity of the darwin trans-
fer equations. III. Non-spherical crystals and anisotropy of extinction. Acta Cryst.,
A31:417–425, 1975.
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[88] V. Petř́ıček and P. Coppens. Structure analysis of displacively modulated molecular
crystals. Acta Cryst., A41:478–483, 1985.

[89] P.M. De Wolff, T. Janssen, and A. Janner. The superspace groups for incommensurate
crystal structures with a one-dimensional modulation. Acta Cryst., A37:625–636, 1981.

[90] A. Yamamoto, T. Janssen, A. Janner, and P.M. De Wolff. A note on the superspace
groups for one-dimensionally modulated structures. Acta Cryst., A41:528–530, 1985.

[91] A. Yamamoto. Crystallography of quasiperiodic crystals. Acta Cryst., A52:509–560,
1996.

[92] J. Schefer, M. Könnecke, A. Murasik, A. Czopnik, Th. Strässle, P. Keller, and
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