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Figure 6.15: NSF, SF, background, background estimate, and corrected intensity for the
three field configurations at base temperature, zoom of the corrected intensity for each
configuration shown on the right..
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Figure 6.16: Calculated magnetic intensity at base temperature using Eq. 6.4.
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Figure 6.17: ST scattering intensities at T = 150K on BaFeyAss.
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6.8 Synthesis of Dynamic Studies

There are a number of experimental results presented here, so we now establish a
collective interpretation of these data. The interplay of the lattice and the magnetism
are demonstrated clearly in the IXS and INS studies. In the IXS study on the softening
of the TA mode, we observe a range of softening for the mode, making the magneto
structural transition in this system distinct from a canonical “soft-mode” transitions, the
hallmark of which is sharp softening at a specific wave vector, and a non-recovery of the
phonon mode below the transition temperature. We clearly demonstrate that the phonon
mode goes soft at a range of q values, and then recovers most of its energy. The link
to magnetism in this case is that the local lattice distortions demonstrated in Sec. 5.2
directly represent a coupling between the spin and lattice. Above Ty, the system exhibits
broad quasi-elastic signals at the AF wave vector in inelastic neutron studies (12; 268),
indicating retention of strong in-plane medium-range spin order in the paramagnetic
state in spite of a loss of inter-planar correlation. As the temperature of the system is
lowered toward Ty, the spatial range of spin correlation increases and the fluctuation
frequency is lowered. Thus spin correlation couples with the lattice, resulting in local
distortion. This effect is represented by the softening of the transverse phonon mode
near Ty. (21) The softening occurs over a finite range of inelastic momentum transfers
q, so the correlation length of the fluctuations never diverges as in the standard second-
order phase transition. Indeed this transition has first-order signature (269; 268; 270),
suggesting the local nature of the transition. Further, the resulting increase in the
magneto-structural transition temperature by compressing the orthorhombic b-axis(153)
is naturally explained by this model. Applying uniaxial strain to the b-axis induces partial
de-twinning, resulting in the increase in the volume fraction of the twin with one sense
and the intensity of the magnetic diffraction peak.

Additionally, systematic differences in the magnetic moment from neutron diffraction
are observed in BaFe,As, as a function of cooling temperature. As observed in Ref. (143),

the level of hysteresis in the magnetic transition is highly sample dependent, in addition
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to depending on the rate of cooling used in the experiment(152; 271; 269), highlighting
the instability of the formation of the magnetic structure in these systems.
Fundamentally, there are two energy scales of consideration in the pnictides, a point
of growing consensus, as demonstrated by Liu(267), Yin(114) and colleagues. The low
energy component, under 100 meV is sensitive to doping of carriers, while the high
energy component is insensitive to doping. The high energy spectra look identical,
leading to the calculation of nearly equivalent total moments(267). The major implication
of these findings is that the high energy component is set for the system, so small details
of the low energy spectra dominate the particular state selection, and these low energy
details are dominated by the local structural variations of the system. The local atomic
disorder demonstrated in BaFe;As; and doped systems shows that local disorder in the

FeSC is intrinsic to these systems, driving the low energy physics in these materials.
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Conclusions

The main theme of this work is that the lattice complexity gives rise to unexpected
effects. At the most fundamental level, high temperature superconductivity (HTSC) in the
iron-based superconductors (FeSC) represents one entry into a unique class of complex
materials: those that experience a fundamental structural frustration that results from
the interplay between lattice and spin degrees of freedom available to the system.

This work presents a number of findings. The first is that the local structural
distortions in BaFeyAs, present a mechanism by which the static magnetic moment may
be modified. The structural distortion also shows that the magneto-structural phase
transition in BaFeyAs, is localized and driven by a coupling between the spin and the
lattice. The softening of the phonon modes in the parent compounds occurs in such a way
as to prevent the development of infinite correlations at the structural phase transition,
and this behavior begins well above the transition temperature. The second is that local
structural distortions in doped FeSC show evidence of structural distortion up to room
temperature, casting doubt on the long range stability of the structure against fluctuations
in the paramagnetic state. The third is that the coupling between the lattice and magnetic
degrees of freedom can be seen in the phonon spectrum, through the splitting of high
frequency phonon modes in the collapsed tetragonal (cT) state, and the direct observation
of spin-phonon coupling through inelastic neutron scattering.

Several of these observations are new. The field of high temperature superconductiv-

ity is dominated by the study of magnetic phenomena and purely electronic effects, so
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lattice effects have been relegated to something of an unimportant detail. However, this
work shows that the subtle effects of the structure are central to the nature of several
questions in high temperature superconductors. In these systems, the local distortions
result in local environments that are distinct in the solid, resulting in distorted and in
extreme cases ambiguous descriptors for the long range behavior. These effects, arising
from a strong coupling between the lattice, spin, and possibly orbital degrees of freedom
are pronounced, and are likely to contribute to the source of the superconducting pairing
in these materials.

An important distinction to draw here is the impact of the long range and local
behavior on a system. The long range, average behavior determines the high energy
phenomena in materials, giving us our understanding of the band structure and the
fermiology. Local structure determines the low energy physics, which sets the scale
for effects that are observable to humans, such as electron-phonon coupling and
superconductivity. Superconductivity is a low energy phenomena, and its solution will
be determined by exploration of low energy physics, and local structure and phonon
anomalies are crucial to understanding these points.

The results presented require the consideration of static atomic displacements in
structures and systems, and the explicit inclusion of spin-lattice effects into further work
in this area. In the immediate term, the future for this work is to continue to investigate
the extent of structural disorder on FeSC, and relate these discoveries to findings that
are made possible by other experimental techniques, i.e. ultrafast laser spectroscopy
and tunneling microscopies, which already have shown substantial evidence of local
inhomogeneities and complex lattice effects. Another promising avenue is to relate these
effects to other types of HTSC, namely cuprate materials. The frontier for this work
is to create tractable computational models to capture these effects, to harness these
results to aid the development effort to build predictive models of high temperature

superconductivity.
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