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ABSTRACT

The relationship between magnetism and superconductivity has become a central topic of

research in studies of superconductivity in the iron pnictides. This thesis presents inelastic

neutron scattering studies of the magnetic excitations in FeAs flux-grown CaFe2As2. The ex-

perimental data collected using ARCS time-of-flight chopper spectrometer have been analyzed

and compared with theoretical models. The focus here is on the role played by antiferromag-

netic (AFM) spin fluctuations in superconductivity. We present unambiguous evidence of the

absence of magnetic fluctuations in the non-superconducting volume collapsed tetragonal (cT)

phase of CaFe2As2 via inelastic neutron scattering time-of-flight data, which is consistent with

the view that spin fluctuations are a necessary ingredient for unconventional superconductivity

in the iron pnictides. We demonstrate that the cT phase of CaFe2As2 is non-magnetic, raising

new questions regarding recent reports of high-temperature superconductivity in the cT phase

of closely related compounds.
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CHAPTER 1. Introduction to iron-arsenide based superconductors

1.1 Introduction

Kamihara and co-workers reported superconductivity at TC = 26 K in fluorine-doped

LaFeAsO.[10] Reports of higher TC immediately followed with a variety of doping for Fe, as well

as the replacement of lanthanum with rare earth ions of smaller atomic radii, and the application

of pressure.[11, 12, 13] An iron-arsenide-based superconductor was first found in the tetragonal

compound LaFePO with a superconducting temperature of TC ∼ 4 K. The tetragonal crys-

tal structure consists of alternating lanthanum oxide (La3+O2−) and iron pnictide (Fe2+P 3−)

layers, reminiscent of the layered structure found in the high-TC cuprate superconductors.[14]

Further study of the iron-pnictide compounds by the same Japanese group, revealed that the

doping of F− into the oxygen sites of the related compound, LaFeAsO, superconductivity

with a highest midpoint TC of 26 K.[10] This new class of high temperature superconductor

generated much interest due to the presence of iron, which is magnetic, along with the high

superconducting transition temperature.

Discoveries of cuprates and iron-arsenide superconductors have led to extensive research,

largely because of their high superconducting transition temperatures which exceed the val-

ues predicted by BCS theory.[15, 16] It was initially thought that the magnetic nature of iron

would disrupt the pairing of superconducting electrons and therefore destroys superconductiv-

ity. However, the high superconducting temperatures in this class of material proved otherwise.

The electron-phonon coupling constant was found to be smaller than from experimentally mea-

sured TC indicating that there are other coupling effects that induces superconductivity.[17]

Even higher transition temperatures were recorded with the application of pressure (TC ∼43

K [13]) and the substitution of La by other magnetic rare earth ions such as Sm (TC ∼ 55 K
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[18]) and Gd (TC ∼ 56 K [19]).

Iron-based superconductors contain either pnictide (group 15: P, As) or chalcogenide (group

16: S, Se, Te) layers (highlighted layer in Figure 1.1). There are four main iron-based family

structures, denoted by their chemical family, e.g., 11,111, and 122 with different spacers between

the common layers of FeAs (or FeSe). Superconductivity is thought to originate within the Fe-

layers, similar to the CuO layers in cuprate superconductors. However, they differ in that the

iron superconductors allow doping directly into the active layers, while superconductivity in

cuprates is destroyed when dopants are introduced in the CuO layers.

Figure 1.1 a) Crystal Structures of FeSe (11), LiFeAs (111), BaFe2As2 (122), and LaFeAsO

(1111) iron based superconductors. When compared, the larger the separation

of FeAs layers, the higher the superconducting transition temperature. (b)The

FeAs/FeSe layer. Iron ions shown in red and pnictogen/chalcogen anions shown in

gold. c) View from the top (c-axis) of the FeAs layer. The dashed line indicates

the size of the unit cell of the FeAs-type slab, which includes two iron atoms and

the ordered spin arrangement for FeAs-based materials is indicated by arrows.[1]

As there is not a conclusive theory regarding high-temperature superconductors, it is impor-

tant to question the roles of crystal structures, structural phase transitions, dopants, pressure

and magnetism in the occurrence of superconductivity. This chapter will present an overview

of the current understanding of iron arsenide superconductors, with an emphasis CaFe2As2.
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1.2 Structure and superconductivity in iron-arsenide superconductors

The LaFeAsO compound has a ZrCuSiAs-type structure (tetragonal, P4/nmm, space group

No. 129) at room temperature with an FeAs layer bound by layers of LaO (See Figure 1.1).[20,

21] Superconductivity is realized by partial substitution of O2− by F− or Fe by Co. [10, 22]

Substitution of La by other light rare-earth elements (Ce, Pr, Nd, Sm, Gd, Tb, and Dy) also

induces superconductivity. The onset of the superconducting transition temperature increases

with the decreasing size of the R (rare-earth) atoms.[23, 24] The family of RFeAsO (R=rare

earth) superconductors with similar quaternary structure is denoted the 1111 family. Oxygen-

deficient compounds (ReFeAsO1−δ) and electron doping by other rare earth substitutions (e.g.

Gd1−xThxFeAsO) also show superconductivity.[24, 19] Superconductivity was also found in the

111-type compound, LiFeAs, with TC ∼18 K. LiFeAs crystallizes in a tetragonal PbFCl-type

(P4/nmm) structure and it undergoes superconductivity in a purely stoichiometric compound

without chemical doping.[25] Superconductivity was also reported in FeSe(11) compounds (α-

PbO-type structure) with Se deficiency, application of pressure (TC ∼27 K at 1.5 GPa) and

substitution (FeSe0.5Te0.5) [26, 27]

The family of iron-pnictide being studied is the oxygen-free ternary 122-type MFe2As2

(M=Ca, Sr, Ba, Eu) and was first discovered in a potassium-doped BaFe2As2 parent compound

(TC = 38 K). The 122-family exhibits ThCr2Si2 crystal structure at room temperature.[28] It is

the only class that does not have P4/nmm structure, but instead an I 4/mmm structure (space

group 139) due to the body-centered M atom shown in Figure 1.1. The 122 family has similar

FeAs layers, but differs from the 1111 compound in that the interlayer contains only a single

atom. Superconductivity in the 122 family can be achieved by doping at any of the three sites.

The highest TC attained was ∼38 K for Ba1−xKxFe2As2 [28], ∼20.5 K for BaFe2−xNixAs2 [29]

and ∼31 K for BaFe2(As1−xPx) [30]. After the discovery of K-doped BaFe2As2 and SrFe2As2,

superconductivity was reported in CaFe2As2 with TC ∼20 K via the substitution of Ca by

Na.[5, 31].
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1.3 CaFe2As2: case study of the 122-family

The absence of oxygen, or the required control of oxygen and fluorine stoichiometry, allows

for large single crystals of 122-structure to be grown and studied extensively.[32] Iron-pnictide

and cuprate superconductors are formed by doping their non-superconducting parent com-

pounds. The parent phases of the 122-family are metallic compounds with the antiferromag-

netic ordering strongly coupled to a structural transition. A representative phase diagram for

122-type is given in Figure 1.2.[2] At high temperature and ambient pressure, the compound

is in paramagnetic and tetragonal phase. The antiferromagnetic (AFM) ordering appears be-

low Néel temperature, (TN ). Doping suppresses the antiferromagnetic (AFM) orders in iron-

arsenides, leading to superconductivity. Besides magnetic ordering, iron-arsenides also undergo

a structural transition at TS , from high-temperature tetragonal structure to a low-temperature

orthorhombic phase. The two transitions happen at about the same temperature but clearly

splits with doping. Doping also suppress the structural phase transition, leading to the onset of

superconductivity. The highest TC , only appears after the magnetic and structural transitions

are completely suppressed.[4] At low temperature, there is a small doping (x) region where

superconductivity co-exist with the AFM, orthorhombic structural distortion. The two states

also competes with one another as seen with the bending back of the transition temperatures.

Figure 1.2 The temperature (T) versus doping (x) phase diagram of Ba(Fe1−xCox )2As2 from

reference [2]. The extension of the tetragonal-toorthorhombic phase line into the

superconducting dome is represented by the dashed line.
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1.3.1 Structural and magnetic transitions of CaFe2As2

Crystal Structure

CaFe2As2 compound is a body-centered tetragonal ThCr2Si2 crystal structure (I4/mmm,

space group =139) at room temperature with lattice a = b 6= c (Figure 1.3a). Single-crystal

neutron diffraction of the compound at T = 300 K and ambient pressure shows a lattice constant

of aT = 3.879(3) Å and cT = 11.740(3) Å.[33] Layers of Ca are located between two Fe-As tetra-

hedral layers. We observe two layers per unit cell, as the formula unit contains two M atoms.

Neutron and x-ray diffraction studies show that the Ca-122 compound undergoes a first-order

structural phase transition at a temperature, Ts ∼173 K, from a high-temperature tetragonal

unit cell to a low-temperature face-centered orthorhombic Fmmm space group (Figure 1.3(b))

with a 6= b 6= c (aO= 5.506(2) Å, bO= 5.450(2) Å, cO= 11.66(6) Å at T=10 K).[5]

Figure 1.3 (Left) Tetragonal crystal structure of CaFe2As2 above TS . The Ca atoms (light

cyan) are located at the eight corners of the tetragonal unit cell and at the center,

while four Fe atoms (gold) form a planar square lattice in the ab plane. Each Fe

atom lies at the center of four As atoms (dark blue) to form tetrahedral FeAs4.

The volume collapsed-tetragonal (cT) phase has a similar crystal structure but

with a 10 % reduced c lattice parameter. (Right) Antiferromagnetic structure of

CaFe2As2 below TS . The orthorhombic unit cell is the same as the magnetic cell.

The Fe spins (red arrows) are oriented along the orthorhombic a axis. Figures are

obtained from reference [3]
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Magnetic structure

Magnetic structure refers to the orientation of spins in a magnetic material. Magnetic ions

are distributed according to the periodicity of the crystal structure but the orientation of spins

depends on the magnetic interaction between neighboring spins. In a paramagnet, there is an

average site magnetization, which are correlated over short ranges but do not have net global

magnetization(magnetic short-range order). At high enough temperature, all magnetic materi-

als become paramagnetic, having no net magnetic moment. At low temperature, materials with

long-range magnetic ordering can exhibit ferromagnetic (parallel spins) or antiferromagnetic

(antiparallel spins) behavior depending on the spin correlations. As mentioned, CaFe2As2 com-

pound undergoes a first-order structural phase transition at a temperature, Ts ∼173 K, from a

tetragonal unit cell to a face-centered orthorhombic space group. The structural transition is

accompanied by antiferromagnetic ordering at a temperature TN , at a close proximity to TS .

The magnetic transition temperature depends on the strength of exchange interactions and the

magnetic moments.

The antiferromagnetic structure of CaFe2As2 below TN can be seen in Figure 1.3. The

orthorhombic unit cell is the same as the magnetic cell. For CaFe2As2, the collinear spins point

along aO. The magnetic moments are antiferromagnetically correlated along the aO direction

as indicated by the red arrows while the spins are ferromagnetically correlated along bO-axis

(i.e., striped in the ab plane). The compound is also antiferromagnetic in the cO-direction. The

close proximity of the magnetic (TN ) and structural (TS ) transition at T ∼ 172 K indicates a

strong connection between magnetic and structural transition.[33] The simultaneous structural

and magnetic phase transitions are a common trend among the 122-type family (M=Sr[34],

Ba[35]) and other families.

Scattering convention

The periodicity of atoms in crystal and the symmetry of lattices are important in investi-

gating the properties of matter. Crystal structure can be determined from elastic scattering of
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photons, neutrons and electrons. Bragg’s diffraction law,

nλ = 2d sinθ (1.1)

illustrates a geometrical condition to be satisfied in order for constructive interference to occur

between planes of atoms spaced by a distance, d where, n is an integer, λ is the wavelength of

the incident wave, and θ is the angle between the incident wave and the scattering planes, or the

Bragg angle. As diffraction patterns of crystals are Fourier transforms in wavevector space of the

atomic positions in the material, it is related to the reciprocal lattice. The first Brillouin zone

(BZ) of 122-type at room temperature is the body-centered-tetragonal (BCT). The reciprocal

lattice of the real-space BCT (or direct) lattice is another BCT-lattice.[4] Figure 1.4 shows

the planar view of 122-magnetic structure in real and reciprocal space.[3] The low-temperature

orthorhombic basal plane aO and bO axes are rotated by 45◦ and the lattice parameters are a

factor of
√

2 longer compared with the tetragonal lattice parameter aT .

22

Figure 2.9 (a) The simple square lattice that makes up the base of the tetragonal unit cell

is bounded by the dashed brown line along with the base of the orthorhombic

cell (in the absence of orthorhombic distortion) bounded by the solid blue line.

The directions in the a-b plane are labeled along with the lattice parameter. This

figure is a reproduction of figure 7 from ref (24) (b) The reciprocal lattice associated

with the square the crystal lattice shown in (a). The filled circles represent allowed

Bragg reflections.

(h 0 l)O where h and l are odd integers. Therefore an antiferromagnetic or Néel transition

also occurs at TN. The fact that TS = TN in the undoped compound indicates an intimate

connection between structure and magnetism and the observed orthorhombic distortion.

2.4.3 Studies of the p-T phase diagram of CaFe2As2

It was demonstrated in section 2.2 that doping the iron pnictide compounds suppresses

the structural and magnetic transitions, and after sufficient suppression, superconductivity

appears. As I will discuss in this section, pressure application has also proven to suppress

22

Figure 2.9 (a) The simple square lattice that makes up the base of the tetragonal unit cell

is bounded by the dashed brown line along with the base of the orthorhombic

cell (in the absence of orthorhombic distortion) bounded by the solid blue line.

The directions in the a-b plane are labeled along with the lattice parameter. This

figure is a reproduction of figure 7 from ref (24) (b) The reciprocal lattice associated

with the square the crystal lattice shown in (a). The filled circles represent allowed

Bragg reflections.

(h 0 l)O where h and l are odd integers. Therefore an antiferromagnetic or Néel transition

also occurs at TN. The fact that TS = TN in the undoped compound indicates an intimate

connection between structure and magnetism and the observed orthorhombic distortion.

2.4.3 Studies of the p-T phase diagram of CaFe2As2

It was demonstrated in section 2.2 that doping the iron pnictide compounds suppresses

the structural and magnetic transitions, and after sufficient suppression, superconductivity

appears. As I will discuss in this section, pressure application has also proven to suppress

Figure 1.4 Planar view of the 122 magnetic structure in (a) real space and (b) reciprocal

space. (a) The base of the tetragonal unit cell bounded by the brown dashed lines

with lattice aT (a = b). The orthorhombic cell is given by the blue solid lines with

lattice aO and bO. (b) The reciprocal lattice associated with the square lattice in

(a). The peaks for both tetragonal and orthorhombic notations are given. Figure

is obtained from reference [3, 4].

The Bragg’s relationship in Q-space gives Q = 4π
λ sin θ. A peak in the diffraction pattern
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or reciprocal lattice space, occurs only if the wavevector Q satisfies,

Q = hkx + kky + lkz (1.2)

where h,k, and l are the miller indices for the reciprocal lattice translation vectors ki of the

crystal. The h,k, and l values must be integers and h+k+l =even.[4] In this thesis, the positions

in reciprocal space at wave vector Q = (Qx, Qy, Qz) [Å−1] are described with the tetragonal

I 4/mmm unit cell, where Q = 2π
a (H + K )̂i+2π

a (H − K)ĵ+2π
c Lk̂. The wavevector Q will be

expressed in reciprocal lattice units (H +K,H −K,L) (r.l.u) notation. The magnetic ordering

vector for 122-compounds in tetragonal notation is (h2 ,
k
2 , l)T but for orthorhombic reflections

is (h, 0, l)O where h, k, and l are odd integers. Using this notation, the antiferromagnetic wave

vector, QAFM= (1
2 ,

1
2 , L), for H = 1

2 , K = 0, and L = odd.

Suppression of structural and magnetic transition

The superconducting state in cuprate-based and iron-based superconductors is most easily

induced by the chemical substitution of elements in the parent compound, which suppress the

magnetic order and the structural distortions in favor of superconductivity. Doping with ions

of various sizes changes the physical interatomic distance and dynamics between the layers (e.g.

carrier concentration – hole or electron doping). K-doped CaFe2As2 has the highest TC recorded

for hole-doped Ca-122 superconductors at about ∼35 K.[36] The substitution of Fe by Co, or Ir

or Rh under ambient pressure introduces superconductivity up to ∼22 K.[37, 38] In addition,

electron doping of Ca-122 compounds by partially replacing Ca by rare-earth elements (Ce, Pr,

and Nd) also appears to induce superconductivity, with the highest TC ∼ 49 K.[39] The evidence

of the structural and magnetic transitions is given by discontinuities near 170 K in temperature-

dependent resistivity, magnetic susceptibility and specific heat measurements made on single

crystals grown from Sn flux.[5] Besides the discontinuities in the measurements, a hysteresis of

several degrees can be seen in the thermodynamic, transport, and microscopic measurements.

The signatures of the transitions can be seen in Figure 1.5 below. Both temperature-dependent

electrical resistivity (a) and temperature-dependent magnetic susceptibility (b) of CaFe2As2

show a sharp jump near 170 K indicating a first-order phase transition.
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Figure 1.5 (a) Temperature-dependent electrical resistivity and (b) temperature-dependent

magnetic susceptibility of CaFe2As2. A couple of representative result taken from

reference [5].

Pressure studies

Besides doping, it was found that both copper-oxide and iron-based high-temperature super-

conductors manifest superconductivity when pressure is applied. Pressure-induced supercon-

ductivity enabled a systematic investigation into the FeAs superconductors without introducing

any dopants, which inevitably changes the chemistry, introducing disorder to the compound.

The application of a very modest hydrostatic pressure (P < 5 kbar) suppress the magnetic

ordering and structural phase transitions.[40] Torikachvili et.al. discovered that CaFe2As2 un-

dergoes a high pressure (P > 5.5 kbar) transition into a new phase that is detrimental to

superconductivity. The highest TC recorded was ∼ 12 K at 5 kbar, appearing when the low

pressure transition is suppressed sufficiently but before the resistivity is reduced dramatically

by the high pressure transition. As such, they have concluded that the superconductivity exist

only when there are sufficient magnetic excitations to allow for Cooper pair formation. If these

fluctuations are fully removed, superconductivity does not persist.

Pressure-induced superconductivity in CaFe2As2 was observed initially for applied pressures

between roughly 0.25 and 0.9 GPa using liquid clamp-cell pressure measurements on Sn- flux

solution-grown CaFe2As2.[41, 40] This is in contrast with BaFe2As2 and SrFe2As2, which require

pressures in the range from 2.8 to 6 GPa for the highest TC ∼28 K.[42] The new phase has
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a tetragonal structure but with a reduced c-lattice parameter, hence termed volume-collapsed

tetragonal (cT).[6] Kreyssig et. al used a He gas pressure cell to study the phase transitions of

CaFe2As2 as a function of pressure and temperature using x-ray and neutron diffraction.[6] At

50 K at ambient pressure, the neutron-diffraction scan through the nuclear (2 2 0)T diffraction

peak showed a splitting into the orthorhombic (4 0 0)O and (0 4 0)O peaks, a clear signal of

a orthorhombic phase as seen in the diffraction pattern (A), Figure 1.6(b). In the inset of the

same figure, a magnetic peak at (1 2 1)O was also observed. These results are evidence of the

low-temperature orthorhombic phase of a CaFe2As2 compound. The orthorhombic structure

and antiferromagnetic phase remained up to pressure of 0.24 GPa. Above a pressure of 0.35

GPa, the magnetic peak disappeared and the orthorhombic structure was transformed into a

tetragonal structure similar to the high-temperature tetragonal phase (Figure 1.3) but with a

5 % reduced volume. This non-magnetic phase has a c-lattice parameter reduced by ∼9.5%

while the a-lattice parameter increases by ∼2%. The transition to the cT phase can be seen in

the shift of the (0 0 2)T and (2 2 0)T nuclear peaks in Figure 1.6 [Diffraction pattern (B) for

panels (a) and (b)].

Figure 1.6 Neutron-diffraction pattern reproduced from reference [6]. The nuclear peaks are

seen in (a) and (b). The peaks position changed as a result of significant changes

in the lattice parameter. The magnetic (1 2 1)O diffraction peak is shown in (c).

Pressure-induced superconductivity in CaFe2As2 was said to emerge from a new phase

formed under pressure rather than the magnetically ordered, low-temperature orthorhombic
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phase or the high-temperature tetragonal phase. However, the experimental conditions for the

pressure-dependent superconductivity are complicated and non-trivial with reports of sensitiv-

ity to the non-hydrostatic component of pressure. The measurements with hydrostatic pressure

showed no evidence of superconductivity for P < 0.6 GPa. This implies that the supercon-

ductivity arises from non-hydrostatic conditions from the pressure cell.[43] The study using

hydrostatic pressure by W. Yu et. al also fail to observe the collapsed tetragonal phase. The

cT phase is not unique to parent CaFe2As2 under pressure but also has been realized under

isovalent (P) doping and electron (Rh) doping.[44, 45] Studies have confirmed that superconduc-

tivity disappears in all the cT phase of CaFe2As2, manifested by isovalent (P) doping, electron

(Rh) doping, and hydrostatic pressure. However, the substitution of Ca by Sr suggested that

superconductivity does exist in the cT phase with TC ∼ 22 K.[46] Superconductivity with TC

of up to 49 K was also observed for the partial substitution of Ca by selected rare-earths (R =

La, Ce, Pr, Nd).[47] Superconductivity was simultaneously observed by Saha et al. (TC = 47

K in Ca1−xPrxFe2As2 [48]), Gao et al. (TC = 42.7 K in Ca1−xLaxFe2As2 [49]), and Lv et al.

(TC = 49 K in Ca1−xPrxFe2As2 [39]). Co-doping by La and P (Ca1−xLaxFe2(As1−yPy)2) also

induces superconductivity, with TC of 45 K.[50]

These studies proposed that the superconducting phase exist in the non-magnetic cT

phase, void of spin fluctuations. This contradicts with the theory of spin fluctuation pairing

mechanism.[46, 48] Due to the mixed reports, many research has been performed to under-

stand the nature of the phase, whether the phase is truly non-superconducting, and whether

the phase is non-magnetic, supporting the idea of magnetic-fluctuation-mediated superconduc-

tivity rather than the traditional phonon pairing. Since a dramatic collapse of lattice parameter

is seen in the c-axis, uniaxial pressure was applied along the c-axis of CaFe2As2 single crys-

tals by Prokes et. al.[51] They found that superconductivity in the original liquid clamp-cell

measurements non-hydrostatic component stabilizes the tetragonal phase down to 1.7 K for

0.075 < P < 0.3 GPa.
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Magnetic fluctuations as pairing mechanism

The co-existence and competition of the phases have intrigued scientist to study the su-

perconducting state with more detail. An inelastic neutron scattering study of the potassium-

doped Ba122 demonstrated the existence of a resonant magnetic excitation in the supercon-

ducting phase at an energy transfer of about 14 meV and a momentum transfer of 1.15 Å.[52]

The inelastic neutron scattering intensity as a function of momentum transfer, Q, and energy

transfer is shown in Figure 1.7 (a) and (b). The value of Q corresponds to the antiferromag-

netic wave-vector observed in the undoped parent compound, BaFe2As2. In Figure 1.7(c), the

integrated intensity over (Q, ω) around the magnetic excitation shows the development of mag-

netic excitation below TC . As such, the remaining AFM spin fluctuations have been proposed

to be a possible Cooper pairing mechanism in iron-pnictide superconductors, an alternative

to the phonon pairing mechanism. This pairing mechanism has been suggested because of a

general trend that superconductivity appears in close proximity to the antiferromagnetic order-

ing. The close proximity indicates that the correlated antiferromagnetic fluctuations in these

compounds play a crucial role in high-temperature superconductivity of iron-pnictides.[4, 1, 53]

First-principle calculations of electron-phonon coupling also have concluded that conventional

BCS superconductivity cannot account for high TC and there must be other pairing mechanism

in iron-pnictide superconductors.[4] Hence, one of the main concerns in studying iron-pnictide

superconductors is to understand the relationship between the magnetism and superconduc-

tivity, particularly the role of spin dynamics in CaFe2As2.

The collapsed phase appears to be non-magnetic. The elastic neutron-scattering experi-

ments conducted on CaFe2As2 found that the static magnetic ordering disappears in the col-

lapsed tetragonal phase [33] and the spin-polarized total-energy calculation on the collapsed

phase showed a reduced Fe moment.[6] In that study, using a local-density approximation, it

was found that the tetragonal phase is lowest in total energy for a 5% volume reduction. The

quenched magnetic-moment ground state is consistent with experimental observations of the

loss of magnetic order in the cT phase and the strong decrease in resistivity observed upon

crossing the boundary from the T to cT phases.
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shows that spectral weight in the resonant excitation seen below Tc is
transferred to lower energy above Tc.

We performed a series of shorter measurements to determine the
temperature dependence of this resonant excitation. Figure 4 shows
data integrated over the (Q,v) region of maximum intensity in the
resonant excitation. As also observed in the copper oxide supercon-
ductors, the intensity of the resonance falls to zero at Tc, confirming
the strong coupling of this excitation to the superconducting order
parameter.

Similar resonant excitations have been observed in other strongly
correlated superconductors, such as high-Tc copper oxide5–9 and
heavy-fermion superconductors10–12, where they are commonly
taken as evidence of an unconventional symmetry of the supercon-
ducting order parameter13. Below the superconducting transition
temperature, the dynamic magnetic susceptibility is predicted to be
enhanced at certain values of Q by a coherence factor, provided that
the energy gap has the form Dk1Q52Dk (here k and k1Q are
wavevectors on different parts of the Fermi surface).

In the copper oxide and heavy-fermion superconductors, this form
results from dx2{y2 symmetry, which has nodes in the energy gap
within a single Fermi surface. In these cases, Q spans sections of the

same Fermi surface that are gapped with opposite phases; in the
copper oxide superconductors, Q5 (p,p) is such a wavevector.
However, this mechanism seems to be ruled out by results of angle-
resolved photoemission spectroscopy (ARPES) of Ba0.6K0.4Fe2As2 that
show no evidence of any anisotropy of the energy gap15. According to
band structure calculations, the Fermi surfaces of the iron arsenide
superconductors are predominantly derived from the iron d electrons,
and comprise two small hole pockets centred at the centre of the
Brillouin zone and two small electron pockets at the zone boun-
dary21,22. ARPES shows there to be isotropic gaps around each of the
measured surfaces, apparently ruling out a d-wave gap symmetry15.

A resolution of this apparent discrepancy has been provided by
theoretical predictions that the symmetry is not d wave, but rather
extended s6wave14, inwhich the gaps at the hole pockets are isotropic
and the gaps at the electron pockets are isotropic but are of opposite
sign to those at the hole pockets. This means that magnetic fluctua-
tions are amplified by the coherence factor at values ofQ that couple
the hole and electron pockets, as has been confirmed by explicit
calculations of the neutron scattering intensities23,24. This is precisely
where we have observed the resonant excitation, so our measure-
ments, in conjunction with the ARPES data, provide phase-sensitive
evidence for the validity of extended s6-wave gap models.

The energy of this resonant excitation is v0< 14meV. This is
equivalent to 4.3Tc, which is just less than the canonical value of
5Tc seen in the copper oxide superconductors25. However, it is more
appropriate to consider the ratio v0/2D0, where D0 is the maximum
value of the gap. This ratio has values ranging from 0.62 to 0.74 in a
wide range of materials11. From ARPES data on Ba0.6K0.4Fe2As2,
D0< 12meV (ref. 15), giving a ratio of v0/2D0< 0.58. It is remark-
able that materials with such a divergent range of Tc (which varies
over two orders ofmagnitude) can be unified by such a simple scaling
relation.
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Figure 2 | Resonant spin excitation in Ba0.6K0.4Fe2As2. Inelastic neutron
scattering, measured using an incident neutron energy of 60meV at
temperatures below (a, 7 K) and above (b, 50 K) Tc, shows the development
of a magnetic excitation in the superconducting phase at an energy transfer
of 14meV and a momentum transfer of 1.15 Å21. The strong scattering at
low energy transfers arises from the tail of strong elastic nuclear scattering,
and the strong increase in scattering at higher values of Q is due to inelastic
phonon scattering. The colour scale indicates scattering intensity in units of
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Figure 3 | Energy dependence of the resonant spin excitation. a, The
inelastic neutron scattering intensity fromBa0.6K0.4Fe2As2 integrated overQ
in the range 1.0–1.3 Å21 at 7 K, measured using incident neutron energies of
15meV (yellow circles), 30meV (blue circles) and 60meV (green circles).
b, Same as in a, but at 7K (green circles) and 50 K (red circles) using an
incident neutron energy of 60meV. The error bars are derived from the
square root of the raw detector counts. The data show a resonant peak at 7K
and the transfer of spectral weight from this peak to lower energies at 50K,
that is, above Tc.
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Figure 4 | Temperature dependence of the resonant spin excitation. The
inelastic neutron scattering intensity fromBa0.6K0.4Fe2As2 integrated overQ
in the range 1.0–1.3 Å21 and over v in the range 12.5–17.5meV. The
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from the square root of the raw detector counts. The dashed line is a guide to
the eye below Tc and shows the average value of the integrals above Tc.
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Figure 1.7 Inelastic neutron scatting intensity as a function of energy transfer (meV) and

momentum transfer, Q for Ba0.6K0.4Fe2As2 at temperatures below (a) and above

(b) superconducting temperature. (c) The integrated intensity over Q in the range

1.0 - 1.3 Å−1 shows magnetic excitation below TC .

In addition to the disappearance of magnetic ordering, neutron scattering measurements on

the system showed that the collapsed phase does not appear to have spin fluctuations at low

energies. Neutron scattering performed on CaFe2As2 has shown 2D paramagnetic spin fluctua-

tions that persist up to 300 K (1.8 × TN ).[54] While strong but short-ranged antiferromagnetic

(AFM) correlation spin fluctuations have been found in the tetragonal phase, inelastic neutron

scattering measurements showed that the fluctuations seemingly disappear in the collapsed

tetragonal phase and, as mentioned previously, under hydrostatic pressure conditions the col-

lapsed phase in CaFe2As2 does not support bulk superconductivity.[7] Pratt and co-workers

performed measurements under hydrostatic pressured region and showed that the collapsed
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tetragonal phase is characterized by the strong suppression or absence of the antiferromagnetic

spin fluctuations observed in the ambient pressure, paramagnetic tetragonal phase (see Figure

1.8). The suppression, however, was only shown for a small momentum and energy space, thus

leaving possibilities that the low-energy spin fluctuations are re-distributed elsewhere.

In summary, strong but short-ranged (AFM) correlated spin fluctuation have been found

in the tetragonal phase, but their strong suppression or absence in the cT phase that does not

undergo superconductivity makes it fascinating to study CaFe2As2. One thing to note is that

the suppression of long-range magnetic ordering does not necessarily lead to the absence of spin

fluctuations.

ensure hydrostatic pressure conditions. The cell was con-
nected to a pressure intensifier through a high-pressure cap-
illary that allowed continuous monitoring and adjustment of
the pressure. Using this system, the pressure could be varied
at fixed temperatures for T!50 K !above the He solidifica-
tion line", or the temperature could be changed at nearly
constant pressures.

The inelastic neutron-scattering measurements were per-
formed on the IN8 triple-axis spectrometer at the Institut
Laue-Langevin !ILL" at a fixed final energy of 14.7 meV
employing a double focusing Si!111" monochromator, a
double focusing PG!002" analyzer, and an open collimation.
A graphite filter was used after the sample to reduce har-
monic contamination of the beam. The energy resolution in
this configuration, measured using a vanadium standard, was
1.1 meV full width at half maximum !FWHM". The sample
mosaic with respect to both the #H H 0$ and #0 0 L$ direc-
tions was initially 1.6° FWHM at ambient pressure and in-

creased slightly to 2° at p=0.5 GPa. The pressure cell was
loaded into an Institute Laue-Langevin Orange-type cryostat
allowing temperature control from 300 down to approxi-
mately 2 K.

Figures 1!b" and 1!c" describe the regions of reciprocal
space and the p-T phase diagram investigated in these mea-
surements. The inelastic scattering was studied primarily
around the ! 1

2
1
21" antiferromagnetic wave vector !using the

indices appropriate to the tetragonal unit cell". Constant en-
ergy q scans were measured at several energies along both
the #H H 0$ and #0 0 L$ directions in order to characterize
the spin fluctuations at selected temperatures and pressures.
The sequence of measurements is depicted in Fig. 1!c". Since
we have already established that crossing the phase bound-
aries into the cT phase from either the O or T phase can
significantly increase the mosaic of the sample,17 care was
taken to first measure the inelastic scattering at point 1 !am-
bient pressure in the tetragonal phase" and point 2 !p
=0.5 GPa but still in the tetragonal phase" before lowering
temperature and crossing over into the cT phase itself !point
3". The scans at p=0.5 GPa were repeated using the same
pressure cell containing only the aluminum slides coated
with the fluorine-based oil and the He-pressure medium to
determine the background contribution to the observed scat-
tering. Measurements of the spin-wave dispersion in the O
phase at ambient pressure !T=140 K" were also done prior

(a) (b)

11 2
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FIG. 1. !Color online" !a" Coaligned single crystals of
CaFe2As2. Approximately 300 crystals were mounted on both sides
of five Al plates that were stacked to produce the measurement
sample !shown on a millimeter grid". !b" Schematic of the recipro-
cal lattice plane probed in these measurements. The dashed lines
denote scans along the #H H 0$ and #0 0 L$ directions. !c" The
p-T phase diagram of CaFe2As2 !after Ref. 21". The shaded area
represents hysteretic regions, and the numbers correspond to the
measurement sequence as described in the text.
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FIG. 2. !Color online" Constant energy q scans at 3 and 7 meV
energy transfer through the ! 1

2
1
21" antiferromagnetic wave vector

along the in-plane #H H 0$ direction at T=180 K and p
=0.5 GPa for !a" and !b"; T=100 K and p=0.5 GPa for !c" and
!d". Panels !e" and !f" show the data taken at T=180 K and p
=0.5 GPa after passing through the T-cT transition twice !upon
cooling and warming". The open squares denote the empty can
background measurements. The dashed vertical line denotes the po-
sition of the ! 1

2
1
21". Each data point in this figure represents 6 min of

counting time !8000 monitor counts".
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ensure hydrostatic pressure conditions. The cell was con-
nected to a pressure intensifier through a high-pressure cap-
illary that allowed continuous monitoring and adjustment of
the pressure. Using this system, the pressure could be varied
at fixed temperatures for T!50 K !above the He solidifica-
tion line", or the temperature could be changed at nearly
constant pressures.

The inelastic neutron-scattering measurements were per-
formed on the IN8 triple-axis spectrometer at the Institut
Laue-Langevin !ILL" at a fixed final energy of 14.7 meV
employing a double focusing Si!111" monochromator, a
double focusing PG!002" analyzer, and an open collimation.
A graphite filter was used after the sample to reduce har-
monic contamination of the beam. The energy resolution in
this configuration, measured using a vanadium standard, was
1.1 meV full width at half maximum !FWHM". The sample
mosaic with respect to both the #H H 0$ and #0 0 L$ direc-
tions was initially 1.6° FWHM at ambient pressure and in-

creased slightly to 2° at p=0.5 GPa. The pressure cell was
loaded into an Institute Laue-Langevin Orange-type cryostat
allowing temperature control from 300 down to approxi-
mately 2 K.

Figures 1!b" and 1!c" describe the regions of reciprocal
space and the p-T phase diagram investigated in these mea-
surements. The inelastic scattering was studied primarily
around the ! 1

2
1
21" antiferromagnetic wave vector !using the

indices appropriate to the tetragonal unit cell". Constant en-
ergy q scans were measured at several energies along both
the #H H 0$ and #0 0 L$ directions in order to characterize
the spin fluctuations at selected temperatures and pressures.
The sequence of measurements is depicted in Fig. 1!c". Since
we have already established that crossing the phase bound-
aries into the cT phase from either the O or T phase can
significantly increase the mosaic of the sample,17 care was
taken to first measure the inelastic scattering at point 1 !am-
bient pressure in the tetragonal phase" and point 2 !p
=0.5 GPa but still in the tetragonal phase" before lowering
temperature and crossing over into the cT phase itself !point
3". The scans at p=0.5 GPa were repeated using the same
pressure cell containing only the aluminum slides coated
with the fluorine-based oil and the He-pressure medium to
determine the background contribution to the observed scat-
tering. Measurements of the spin-wave dispersion in the O
phase at ambient pressure !T=140 K" were also done prior

(a) (b)

11 2

(c)

4

3

Scan Directions

(110)(000)

QAF = (!,!,1)

(004)

(002)

FIG. 1. !Color online" !a" Coaligned single crystals of
CaFe2As2. Approximately 300 crystals were mounted on both sides
of five Al plates that were stacked to produce the measurement
sample !shown on a millimeter grid". !b" Schematic of the recipro-
cal lattice plane probed in these measurements. The dashed lines
denote scans along the #H H 0$ and #0 0 L$ directions. !c" The
p-T phase diagram of CaFe2As2 !after Ref. 21". The shaded area
represents hysteretic regions, and the numbers correspond to the
measurement sequence as described in the text.
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FIG. 2. !Color online" Constant energy q scans at 3 and 7 meV
energy transfer through the ! 1

2
1
21" antiferromagnetic wave vector

along the in-plane #H H 0$ direction at T=180 K and p
=0.5 GPa for !a" and !b"; T=100 K and p=0.5 GPa for !c" and
!d". Panels !e" and !f" show the data taken at T=180 K and p
=0.5 GPa after passing through the T-cT transition twice !upon
cooling and warming". The open squares denote the empty can
background measurements. The dashed vertical line denotes the po-
sition of the ! 1

2
1
21". Each data point in this figure represents 6 min of

counting time !8000 monitor counts".
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Figure 1.8 (Left) The temperature (K) versus pressure (GPa) phase diagram of CaFe2As2

from reference [7]. The sequence of experiments is labeled with color coded 1,2,3,4.

The spin fluctuations of each steps can be seen on the right. (Right) Magnetic

excitation can be seen at high temperature with pressure of 0.5 GPa. The magnetic

excitation is clearly suppressed at 100 K. When the experiment is repeated at 180

K and 0.5 GPa, the magnetic excitation is there but at with a lower signal due to

the impact from the T-cT transition causing the dislocation of single crystals.
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1.4 Motivation and Organization of this Thesis

In the two families of high-temperature superconductors, cuprates and iron-pnictides, su-

perconductivity emerges in close proximity to an antiferromagnetically ordered state.[55, 20, 56]

As such, many consider magnetic fluctuations to be important. The disappearance of magnetic

ordering and the proposed absence of spin fluctuations in this volume “collapsed tetragonal”

(cT) phase of CaFe2As2 makes it an interesting compound to study. In our FeAs flux-grown

CaFe2As2 material, the sample enters a collapsed tetragonal phase merely by tuning the tem-

perature parameter. This is in contrast with previous Sn-grown samples, which required the

use of a pressure cell. The experimental conditions for pressure-dependent superconductiv-

ity are complicated because of the sensitivity to the non-hydrostatic component of pressure.

Hence, the ability to induce the collapsed tetragonal state with temperature will allow us to

study accurately the state without the influence of pressure cells. This also allows for studying

of the sample at a wider range in momentum and energy transfer to see if the antiferromag-

netic (AFM) fluctuations are truly suppressed in the collapsed-tetragonal phase. The spin

fluctuations of CaFe2As2 were studied at the high-temperature tetragonal (T) phase and low-

temperature, cT phase using Inelastic Neutron Scattering (INS). Time-of-flight measurements

were carried out using the Wide Angular-Range Chopper Spectrometer (ARCS) at the Spal-

lation Neutron Source, Oak Ridge National Laboratory (ORNL). As this thesis is concerned

with inelastic neutron scattering measurements of magnetic excitations CaFe2As2, the scatter-

ing theory, theoretical models and experimental techniques are presented in Chapter 2. The

results and summary are reported in chapter 3.
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CHAPTER 2. INELASTIC NEUTRON SCATTERING

2.1 Introduction

Neutron scattering techniques are used to study both static crystal and magnetic structures,

and the dynamics of condensed matter systems. The basic characteristics of neutrons as well

as the availability of high-flux neutron sources and instrumentation, like time-of-flight and

triple-axis instruments, make neutron scattering the technique of choice to probe the dynamics

of materials. Neutrons do not have electric charge. As a result, they experience weak or

no Coulomb interactions with charged particles, and hence penetrate deeply into materials to

interact with the nuclei. Although charge-less, the neutron has spin (s=1/2) and a magnetic

moment that is able to interact with the unpaired electrons. As a result, they are a good probe of

magnetic systems and of the excitations of such systems in materials. The mass of the neutron is

1.675 x 10−27 kg, leading to a thermal-neutron de Broglie wavelength (λ = h/mv) of about ∼1.8

Å. This wavelength is of the order of the interatomic distances, making interference patterns

possible and giving structural information about the condensed matter. In addition, thermal

and cold neutrons have energies from 0.1 meV to 100 meV, comparable with thermal energies

kBT at room temperature and also elementary excitations in matter. As such, thermal neutron

energies can be used to study low-energy excitations in the condensed matter such as lattice

dynamics and magnetic excitations. X-rays with wavelengths of that order have energies in the

kilo-electron-volt range. A summary of the basic properties of neutrons is given in Table 2.1.

This chapter will outline the required technique and analysis in an inelastic neutron scattering

experiment. The required ingredients of the experiments include: the source of neutrons, a

method to prescribe or determine the incident and scattered wavevector, a well-chosen sample,

a detector and the description of the scattering function.
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Properties neutron

mass 1.675 x 10−27 kg

charge 0

spin 1
2

magnetic dipole moment µn = −eh̄
2mn

gnsn

energy E = h̄2k2

2mn
k = 2π

λ

E(meV ) = 81.81

λ2[Å]

Table 2.1 Basic properties of the neutron and electron.

2.2 Neutron sources

Neutrons for scattering measurements are produced using one of two general mechanisms:

a) fission in a nuclear reactor; and b) spallation processes from bombarding heavy metal atoms

with energetic protons from accelerators. Nuclear fission processes in reactors provide a con-

tinuous flux (∼ 1015 n/cm2s) while spallation processes provide pulses of neutrons up to ∼ 1017

n/cm2s peak flux. The neutrons generated from the two sources have very high energies and

thus are moderated to have useful energy ranges (cold, thermal, or hot depending on the

temperature/energy range).

Pulsed sources produce short, strong bursts of neutrons as heat is deposited in the target

only during the pulses. This allows for heat to dissipate slowly and continuously between pulses,

allowing for very high instantaneous power and neutron flux.[57] This has its advantage over

traditional, steady-state, high-flux reactors since less heat is dissipated in a spallation source

than a fission process in a nuclear reactor producing the same time-average neutron flux. The

experiment in this thesis was conducted using a pulsed source at the Spallation Neutron Source

(SNS) at Oak Ridge National Laboratory (ORNL), TN. At a maximum beam power, it is one

of the most intense neutron sources available, providing excellent statistical sensitivity. The

current SNS power allows for high neutron flux so that small samples can be studied in detail.

This is significant, as single crystals are difficult to grow and therefore are usually not big

enough for very small effects to be measured.
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2.3 Neutron scattering Theory

Neutrons are scattered by nuclei (nuclear scattering) and by the unpaired electrons of

the magnetic atoms (magnetic scattering). The principle of the magnetic neutron scattering

technique is covered in detail in many books.[58, 59, 60] In a scattering experiment, a source

creates an incident beam that is scattered through its interaction with a sample. The final

energy spectrum is measured by a detector as a function of scattering angle. By analyzing the

differences between the incident and final beam energies, we can obtain important static and

dynamic information about materials. If we define the incident beam by its wave vector ki

and its energy Ei (See Figure 2.1), after scattering by a sample, the wave vector and energy

are kf and Ef . The angle between the incident and final beams is 2θ. For any scattering

experiment, the momentum (h̄Q) and energy( h̄ω) change are obtained from the conservation

laws of momentum and energy:

Q = ki − kf (2.1)

h̄ω = Ei − Ef (2.2)

The scattering vector, Q, often referred to as momentum transfer, forms the scattering triangle

with ki, and kf as shown in Figure 2.1. Here, the sign convention for Q is according to Lovesey

(1984), differing from Bacon (1975), where Q= kf - ki.[59] In an experiment, we measure the

number of scattered neutrons as a function of Q and ω.!

!"#$!!!!!!!!
%&$

!!!!!

!'#$!!!!!!!()*'+,)-$
.,/0$
!

+1$

Figure 2.1 Incident neutrons with specific wavevector ki and Ei are scattered by the sample

into a final state kf and Ef . Here, the geometry of the inelastic neutron scattering

process for energy loss (kf < ki) is shown. For energy gain, kf > ki. The solid

angle subtended by the detector is denoted as dΩ.
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For neutrons scattered through an angle of 2θ, the magnitude of the momentum transferred is

|Q|2 = k2
i + k2

f − 2kikfcos2θ (2.3)

Given the dispersion relation of the neutron E = h̄2k2

2mn
, the energy conservation equation can

be written as:

∆E = h̄ω =
h̄2

2mn
(k2
i − k2

f ) (2.4)

The magnitude of the wave vector is k = 2π/λ, where λ is the wavelength of the neutron beam.

For elastic scattering, | ki |=| kf |= k and the energy transfer is zero. For inelastic scattering,

ki 6= kf due to the energy gain or loss of the neutron when scattered by the sample. This gain

or loss is due to the annihilation or creation of excitations in the sample. The energy change

is measured to gain information about dynamics of the material.

2.3.1 Neutron scattering cross section

In an experiment, the incident neutron flux, Φ, is the number of neutrons per second going

through a unit area perpendicular to the direction of the beam at sample position. The quantity

measured in neutron scattering experiments is the double differential scattering cross section

which is the number of neutrons scattered into solid angle dΩ per second with energy in the

range of E to E + dE, normalized to the incident flux, i.e

d2σ

dΩdE
=

# neutrons scattered into solid angle dΩ per second

around Ω(θ, φ) with final energy between E and E + dE

ΦdΩdE
(2.5)

The double differential cross section is the sum of a coherent and an incoherent term. The

coherent part gives information about the scattering due to the collective effects among different

atoms, such as elastic Bragg scattering or scattering by lattice vibrations (phonons) and spin

excitations (magnons). The incoherent scattering is the scattering from an individual atom,

without any interference effects. It shows the time correlations of an atom with itself, giving



20

information such as the particle’s motion. The coherent term is the only term of interest for

spatial correlation. The differential cross section is the counting rate in dΩ for all energies is

dσ

dΩ
=

∫ ∞
0

d2σ

dΩdE
dE (2.6)

and the total scattering cross section is

σtotal =

∫
all direction

dσ

dΩ
dΩ. (2.7)

The scattering cross section is measured in barns (1 barn = 10−28 m2), which is a relatively

weak interaction. As such, neutron scattering can be modeled using first-order perturbation

theory. Scattering due to nuclei has a strong force but the potential is short-range and only

s-wave (l=0) scattering is possible. For magnetic scattering, the potential is not short-range

but is weak. Consequently, Fermi’s golden rule for first-order perturbation can be applied to

calculate the probability of transitions, and in the scattering process is equivalent to the Born

approximation. For neutrons scattered by an interaction potential, V , of the neutron-sample

system, the neutrons will undergo a change of state from (ki,σi) to (kf ,σf ) while the sample

changes from λi to state λf . The double differential cross section is then given as

d2σ

dΩ dE ki→kf
=
kf
ki

(
m

2πh̄2 )2 | 〈kfσfλf | V | kiσiλi〉 |2 δ(Eλi − Eλf + Ei − Ef ) (2.8)

with Ei-Ef= h̄w. Using the Born approximation and treating the incoming and outgoing

neutrons as plane waves, the potential interaction matrix elements can be calculated. V is the

Fourier transform of the potential function for the neutron-sample interaction potential

V (Q) =

∫
dr V (r)eiQ.r (2.9)

Magnetic interaction potential

Magnetic scattering of neutrons is due to the interaction of the magnetic dipole moment

of the neutron (µn=-γµNσ) with the magnetic field produced by the unpaired electrons (mo-

mentum p, spin s and dipole moment µe=-2µBs) in a magnetic material. The value of γ is
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1.9132 while µN and µB are the nuclear and Bohr magneton respectively. The magnetic field is

determined by the total magnetization from the magnetic moments due to the spin and orbital

motions. For nuclear scattering of unpolarized neutrons, the double differential cross section

does not depends on the spin state. The magnetic potential Vm, however, needs to specify both

the wave vector k and the spin state of the neutron. The magnetic interaction potential of a

neutron with the sample’s magnetic field B(r) as a function of both the intrinsic spin and the

orbital motion of the electrons can be written as

Vm(r) = −µn . B(r) = − µn . (Bs + Bl) =
µ0

4π
[ ∇× (

µe × R̂

R2
)− 2µB

h̄

p× R̂

R2
] (2.10)

The magnetic scattering cross section that takes the neutron spin state from, σi to ,σf and

the scattering system from λi to λf is

d2σ

dΩ dE σiλi→σfλf
= (

γr0

2µB
)2kf
ki
| 〈σfλf | σ.M⊥ | σiλi〉 |2 δ(Eλi − Eλf + h̄ω) (2.11)

where M⊥(Q) is the component of the Fourier transform of the magnetization that is perpen-

dicular to the scattering vector Q.

2.3.2 Dynamical structure factor, S(Q, ω)

Using the methods shown by Van Hove (1954) and described in standard text books, the

double differential cross section can be expressed as proportional to the dynamical structure

factor S(Q,ω), [59]

d2σ

dΩ dE
= N

kf
ki
S(Q, ω) (2.12)

where

S(Q,w) =
1

2πh̄N

∑
ll′

∫ ∞
−∞

dt 〈e−iQ.rl′ (0)eiQ.rl(t)〉 e−iwt (2.13)

N is the number of nuclei, t is the time. This allows us to separate kf/ki, the experimental

setup-dependent term, from S(Q, w), the sample-only dependent term. The term in the sum,
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〈e−iQ.rl′ (0)eiQ.rl(t)〉, represents the correlation between the position of one nucleus at time t

= 0 with another nucleus at a time t later. As such, S(Q, w) also referred to as dynamical

correlation function, gives the microscopic properties of the condensed matter, measuring the

strength of the correlations or the collective effect.

Neutron scattering directly measures the scattering function, S(Q, ω). As mentioned, the

scattering function can be separated to two parts: (i) the elastic scattering resulting from

static order of magnetic moments in a system and (ii) inelastic magnetic scattering from their

motion. The the elastic term is a delta-function in energy, the scattering usually dominates at

zero energy transfer. If there is no elastic contributions such as Bragg scattering, then S(Q, ω)

corresponds to the fluctuations in a sample. Another process, quasi-elastic scattering, also

peaks at zero energy transfer but is broadened compared to the elastic function due to diffusive

processes. Both quasi-elastic scattering and elastic scattering may co-exist. A comparison of

the elastic, quasi-elastic and inelastic scattering function can be seen in Figure 2.2.

!
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Figure 2.2 Schematic representation of quasi-elastic and inelastic scattering function, S(Q,ω)

as a function of energy transfer at a constant Q. The dotted line is the elastic

scattering function. Energy gain (loss) causes the inelastic function to peak at

negative (positive) energy transfer.[8]

As this experiment centers around the inelastic neutron scattering of the magnetic system,

specifically the spin excitation of CaFe2As2, the discussion will focus on inelastic magnetic

scattering. The dipole approximation for the spin-only double differential cross section in

magnetic inelastic neutron scattering measurements is given as:
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(
d2σ

dΩdE
)mag,in =

kf
ki

(
γr0

2
)2f2(Q)e−W (Q,T )S(Q, w) (2.14)

for magnetic form factor f2(Q) and the temperature-dependent Debye-Waller factor e−W (Q,T )

from small fluctuations of the position of magnetic ions. The magnetic scattering cross section

is only due to the component of the neutron spin that is perpendicular to the momentum

transfer, Q. In this thesis, we use the iron Fe2+ magnetic form factor (< j0 >
2 in Figure 2.3)

because the sample is a Ca-based iron-arsenide superconductor. The magnetic form factors

falls off rapidly as a function of Q.

Figure 2.3 Iron Fe2+ magnetic form factor.

There are two important properties of the dynamical correlation function, one of which is

the principle of detailed balance,

S(−Q,−ω) = e−h̄ω/kBTS(Q, ω) (2.15)

where kB is the Boltzmann’s constant, T is temperature and ω is positive. The principle of

detailed balance shows that the probability of a transition will be e−h̄ω/kBT lower for excitation

due to annihilation than for excitation due to creation. In other words, it is more probable that

the system is in ground state, and takes the energy from the neutron than being in the excited

state, giving energy to the neutron. The second property, the fluctuation-dissipation theo-
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rem, gives the proportionality to χ”(Q, ω), the imaginary part of the dynamical susceptibility

through

S(Q, ω) =
χ′′(Q, ω)

π(1− e−h̄ω/kBT )
, (2.16)

The Bose thermal factor is given as (1 − e−h̄ω/kBT ). Note: Boltzmann’s constant, kB, is

1.381 × 10−23 Joules/K and so h̄/kB = 11.60 K/meV. The dynamical magnetic susceptibil-

ity, χ(Q, ω), measures the system’s response to magnetic field and the imaginary part of it,

χ′′(Q, ω), measures the energy dissipated by the system. The fluctuation-dissipation theorem

is used to compare the magnetic scattering measurements to theoretical models of χ′′(Q, ω)

that are available. In the next section, a brief discussion of the theoretical model χ”(Q, ω) in

reference [54] by S. Diallo et. al will be presented.

2.3.3 Magnetic excitations

In magnetic materials, ordered spins can be disrupted by spin waves, and these energies are

quantized as magnons similar to the thermally excited lattice-vibration disruptions in a crystal

lattice, phonons. As with phonons, magnons are described by a dispersion relationship between

the energy and wave vector. The measurements of magnetic excitation are important in under-

standing the exchange interactions that are present in a system. Inelastic neutron scattering

has been widely used to measure spin excitation spectra for the iron-pnictide superconductors

especially the 122-family.[61, 62, 63, 64] For the iron arsenides, above TN , a theoretical model

of the paramagnetic spin excitations was developed by S. Diallo in reference [54], following

several distinct features including diffusive spin for the energy range measured (<60 meV) and

a two-dimensional excitation with a weak dependence along c. The magnetic susceptibility can

be written as

χ′′(Q, ω) =
h̄ωγχ0

(h̄ω)2 + γ2{(q2 + ηqxqy)a2 + ( ξTa )−2 + ηc[1 + cos(πL)]}2
(2.17)

where χ0 is staggered susceptibility, ξT is the magnetic correlation length at temperature T in

units of Å, and γ is the damping coefficient from the spin decay into particle-hole excitations.
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ΓT is the Lorentzian energy width and γ = ΓT ( ξTa )2. Here, Q = QAFM + q where q is the

distance from the magnetic zone center and q2 = q2
x + q2

y . Two dimensionless parameters

describe the anisotropy of the in-plane correlation lengths (η) and the strength of the interlayer

spin correlations (ηc = JCχ0). The in-plane anisotropy η can be obtained from the longitudinal

(+) and transverse (-) correlation lengths,

η = 2
ξ2
T+ − ξ2

T−
ξ2
T+ + ξ2

T−
(2.18)

The χ′′ in equation 2.18 is not appropriate for ordered magnet as the spin wave concept is not

useful in paramagnetic state. At q = 0 the model has a quasi-elastic response. The form used

to describe diffusive excitation above TN for L = odd, longitudinal scan is

χ′′(Q, ω) =
h̄ωΓTχT

(h̄ω)2 + Γ2
T (1 + q2ξ2

T+)2
(2.19)

Fitting done by S. O. Diallo resulted in as damping energy width of about 10 meV. The energy

width depends on the decay time of the magnetization correlation function. As such, large

damping describes short-range and short lifetime spin correlations. This model is used to

describe the paramagnetic spin-fluctuations around the antiferromagnetic wave vector.

2.4 Instrumentation

There are several methods used in inelastic studies, including the triple-axis crystal spec-

trometer, the time-of-flight spectrometer and the neutron spin-echo spectrometer. While the

triple-axis spectrometer can only examine one position at a time in the momentum and en-

ergy (Q,E) space, the time-of-flight spectrometer can examine a wide coverage in the (Q,E)

space by having detector arrays. For each detector pixel, the time of arrival to the detector

is directly related to the energy exchange between the sample and neutrons. Time-of-flight

spectrometers, in combination with single crystal samples, allow for the characterization of the

full magnetic energy spectrum. This inelastic neutron scattering experiment was performed

at the wide angular-range chopper spectrometer (ARCS) at the Spallation Neutron Source

(SNS), Oak Ridge National Lab (ORNL). Here, a brief description of the time-of-flight (TOF)

technique and analysis will be given.
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2.4.1 Time-of-flight chopper spectrometer

For a direct TOF spectrometer, the incident energy is specified by either a monochromator

(Bragg diffraction principle) or a chopper system. The beam is scattered off the sample and

final energy is determined by time-of-flight between the sample and detectors. ARCS is a

direct TOF spectrometer where Ei is preselected using a chopper system. The time-of-flight

spectrometer yields information about the energy transfer caused by the elementary excitations

of the sample,

h̄ω = Ei − Ef (2.20)

The distances between the source and sample (Di) and the sample and the detector (Df ) are

known, while the arrival time, t, of each scattered neutron at the detector is recorded. The

final neutron energy can be calculated knowing the velocity, v = Df/t.

h̄ω = Ei −
1

2
m(

Df

t
)2 (2.21)

In a neutron time-of-flight chopper spectrometer like ARCS, a polychromatic beam goes through

a series of neutron choppers, creating pulses of monochromatic beam at the desired wavelength.

This is in contrast with the use of single crystal monochromators to monochromate the beam.

A schematic diagram of a TOF-chopper spectrometer is shown in figure 2.4.
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Figure 2.4 Schematic diagram of time-of-flight chopper spectrometer
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Wide Angular-Range Chopper Spectrometer - ARCS

ARCS is optimized for high intensity neutron flux at the sample and has a large solid-

angle of detector. The monochromatic neutron pulses created by the Fermi chopper scatter

off the sample and are detected using an array of large solid angle detectors, as can be seen

in Figure 2.5. ARCS uses an ambient temperature water moderator, and the incident energy

range of 15 - 1500 meV (up to 5000 meV) can be selected to study a variety of excitations in

condensed matter.[65]

Neutron choppers are rotating mechanical devices that block neutron for a fraction of the

time during a rotation with the use of boron(neutron absorber) and aluminum (transparent to

neutrons). ARCS has a series of choppers, principally a T0 chopper and two Fermi choppers,

as shown in the schematic in Figure 2.4. T0 choppers have a large mass of high-cross-section

material in the beam in order to block fast neutrons that are created immediately after the

proton hits the target. T0 choppers also rotate rapidly to allow the desired wavelength pulses

to pass through. Fermi choppers are bandwidth limiting choppers that have a series of parallel

slits spaced d apart that are rotated around an axis perpendicular to the beam at a frequency

ν. The choppers rotate in some multiple or submultiple of the source frequency and are kept in

phase with the source. This in-phase relationship is especially important for Fermi choppers.

The resolution of the experiment is determined by slit width, rotation speed, moderator pulse

width and lengths of instruments sections.[66]

A pulse of incident neutrons spreads out in time as it travels, and the fastest (highest

energy) neutrons reach the chopper first. As it rotates, the chopper allows through a section of

the pulse containing neutrons with the desired energy; faster or slower neutrons are blocked by

the absorbing strips. The energy range or width is determined by the phase and frequency of

the chopper rotation. Neutron choppers are ideally made for pulsed spallation sources. While

they can be used at a steady-flux reactor source, the beam must be chopped into pulses before

reaching the Fermi chopper, thus not optimizing the steady-state neutron flux produced. As

the Fermi choppers are on a translation stage, they can be replaced and removed from the

beam. A white beam is created when no Fermi chopper is in the beam and the T0 chopper is
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made to be out-of-phase with respect to the neutron pulse. The broad energy range can be

used for diffraction measurements to characterize sample co-alignment quality.[65]
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Figure 2.5 ARCS chopper spectrometer with a wide detector coverage. A powder diffraction

pattern was superimposed on the detector.

The detector array consists of 115 modules or packs of eight 1-m long 3He linear position

sensitive detectors that are located in the vacuum scattering chamber, along with the electron-

ics for optimal signal-to-noise ratio and space usage.[65] They operate within the vacuum with

low power components and blackened surface to enhance radiative thermal transfer. A boron

carbide based internal shielding using a special ZHIP (Zero Hydrogen in product shielding)

mix was used.[65] This mix without hydrogen works for the high neutron energies and reduces

the background noise while maintaining the performance in the vacuum chamber. The data

from the detector are stored as a stream of neutron events, with information of the detector

pixel and time-of-flight value when a neutron was detected. The events are correlated with the
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proton pulse that generated the neutron source. The timestamp and proton charge information

allows for the normalization of the incident beam using the proton charge. A large curved ver-

tical translating gate valve separates the sample environment from the larger detector vacuum

chamber. This avoids constant changes to the detector environment, and the vacuum in the

sample chamber can be restored in under 15 minutes.[65]

ARCS Time-of-flight analysis

ARCS data records each scattered neutron’s arrival time, t, at a detector’s pixel at (φ, θ).

Hence, the time-of-flight data need to be converted from the instrument coordinates Sφ,θ(t)

to spectra that are function of momentum and energy, S(Q, ω). A standardized time-of-flight

direct geometry spectrometer (dgs) reduction routine based upon functions within the Man-

tid software application was used.[67] The reduction routine was run from within a Python

terminal at the ARCS station in SNS and was able to convert the independent time spec-

tra from more than 60, 000 detector pixels into a distribution of energy and momentum

transfer. The reduction process normalizes the data to total charge in Coulomb, and gen-

erates nxspe, phx, and spe data file types. These files can be visualized using DAVE-Mslice

(http://www.ncnr.nist.gov/dave/), Mslice and a number of other programs. The reduced data

is visualized and analyzed using both DAVE and Matlab-based Mslice software developed by

Radu Coldea.[68] A few additional Matlab routines written by G.S. Tucker were also used.
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Figure 2.6 A flow diagram of the analysis
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The co-aligned single-crystal sample quality was checked with a white beam for the orienta-

tion, and the crystal lattice was determined quickly using the Java ISAW software package at

the station.[69] The software is able to take ARCS data in NeXus format [70] and calculate the

Laue diffraction for a variety of peaks at a time, and the determined orientation was saved as

a parameter file to be used by single-crystal inelastic-scattering visualization software Mslice.

The magnetic inelastic neutron scattering data is obtained by subtracting a background

function B(Q, ω) from the measured intensity, I(Q, ω),

S(Q, ω) = I(Q, ω)−B(Q, ω) (2.22)

Various methods of background subtraction were done and compared. The usual practice is by

subtracting a non-magnetic background estimated at a wave vector away from the peak at T =

150 K. The second which was performed in the current studies, is by subtracting the reduced

data at T = 10 K (cT phase) from the data at T = 150 K (T phase) using ms minus.m

codes by G. S. Tucker. This subtracts the intensity in each detector-energy bin without any

contributions due to rebinning and is likely more accurate background subtraction. Other

methods included using a bose-factor corrected for low temperature data and masking of peaks

at the antiferromagnetic wave vector (selecting an area around) before averaging around φ.

The background was directly subtracted without any temperature factor as it was difficult to

distinguish the scattering that is from from the samples or the sample holder. Given that the

sample remains in the same holder the entire experiment, this was the best estimate of the

background possible. The non-magnetic background was then used for studying of the spin

fluctuations at high-temperature data.

The data is visualized with the following viewing axis u1 = (1 1 0) and u2 = (1 -1 0)

with the peaks located in Figure 2.7. The low-temperature-background subtracted data was

subsequently folded for symmetry equivalent to improve statistics using ms symgen (modified

by G.S. Tucker from T.G.Perring’s Mslice codes). The data allow one to symmetrize the data

in Mslice by reflecting through a plane chosen, not limited to the geometry in Mslice. In the

analysis, whenever possible, the data was folded twice; (i) reflected through a plane across the

diagonal and (ii) refolded into a quadrant.
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Figure 2.7 An example of a slice taken perpendicular to a constant energy transfer (E = 50

± 10 meV) range projected with viewing axis u1 = (1 1 0) and u2 = (1 -1 0).

The intensity of the scattered neutrons is given by the color bar in the figures.

Black color indicates no scattered neutrons were detected while the white regions

indicate no detection is possible with gaps in the detector coverage. Data were

subsequently folded for symmetry equivalent across the diagonal as described in

text.

Two-dimensional slices through the main crystallographic symmetry direction were per-

formed in the H-K plane at different energies to visualize the magnetic excitations close to the

antiferromagnetic wave vector as seen in Figure 2.7, and Figures 3.8 and 3.9 in Chapter 3.

One-dimensional cuts (Figure 3.10, Chapter 3) through the magnetic fluctuations above the

transition temperature were fitted in MATLAB to a 2D-spin fluctuations theoretical model by

S. O. Diallo.[54] The energy dependence of a particular cut at an incident energy can also be

obtained and fitted to the spin-fluctuation model as seen in Figure 3.10, Chapter 3.
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CHAPTER 3. Experiment and Results

3.1 Experimental details

Inelastic neutron scattering (INS) was used to probe the magnetic excitations of CaFe2As2

in the tetragonal and collapsed tetragonal phase. The measurement was carried out using the

Wide Angular-Range Chopper Spectrometer (ARCS) at the Spallation Neutron Source (SNS),

Oak Ridge National Laboratory (ORNL). The outline for the technique and spectrometer is

given in Chapter 3. Incident beam energies of Ei = 75 meV and Ei = 250 meV were selected for

this experiment. INS data were collected for the high-temperature paramagnetic, tetragonal

(T) phase at T = 150 K and the low temperature collapse tetragonal (cT) phase at T = 10 K.

The sample was attached to the cold-finger of a cryostat and oriented with the tetragonal c-axis

parallel to the incident beam, in order to easily describe the data using tetragonal I 4/mmm

coordinate system.

3.1.1 FeAs-flux single-crystal growth and sample preparation

While initial characterization of most CaFe2As2 single crystals involved samples grown from

Sn flux as described in reference [5], the single-crystal sample used in the present study was

grown from ternary melts rich in FeAs by S. Ran.[9] The termed “as-grown” single crystals were

grown from excess FeAs by rapidly cooling a ternary melt of CaFe4As4 from 1180 to 1020 ◦C

over 3 hours, followed by slow cooling from 1020 to 960 ◦C over 35 hours, and then decanting off

the excess liquid. The sample was then quenched from 960 ◦C to room temperature. Sn-grown

single crystals are malleable, easily bent and deformed but the as-grown samples are brittle

and shatter easily. Unlike Sn-flux grown crystals, FeAs flux grown crystals do not have well-

formed facets, but the plates of the crystals are perpendicular to the crystallographic c-axis.
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The typical dimensions for Sn grown samples are usually only several millimeters in length

and with a thickness up to about 0.5 mm, but, in contrast, larger single crystals of CaFe2As2

have been grown from the ternary melt, CaFe4As4.[71, 9] The FeAs flux-grown sample enters

a collapsed tetragonal phase at a lower temperature, and at ambient pressure. A comparison

of the temperature-dependent magnetic susceptibility and normalized electrical resistivity of

single crystals grown from various method are shown in Figure 3.1

Figure 3.1 Temperature-dependent (a) magnetic susceptibility and (b) normalized electrical

resistivity of CaFe2As2 for (i)Sn-grown (black squares) (ii) As-grown (quenched

from 960 ◦C) from FeAs (red circles) and (iii) FeAs-grown, annealed for 1 week at

400 ◦C (green triangles). Lower-temperature resistivity measurements on as-grown

sample were impossible because it shattered.[9]
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The Sn-grown sample and FeAs grown sample that was annealed for 1 week at 400 ◦C showed

similar behavior in resistivity and susceptibility. The increase in resistivity and decreases in

susceptibility at 170 K is associated with the phase transition of CaFe2As2. As-grown sample

(quenched from 960 ◦C), on the other hand, showed a very sharp decrease in magnetization

slightly below 100 K. The strain field associated with a uniform distribution of fine-sized FeAs

precipitates appears to play a key role in the ambient pressure transformation. Other than a

shift in temperature, the transformation from the T phase to the cT phase at ambient pressure

is consistent with the T-cT transformation observed for the Sn-flux solution-grown samples

under applied pressure, eliminating the need for a pressure cell and, therefore, the size-able

contribution it makes to the measured background in scattering measurements.

The co-alignment of 12 high quality single crystals provided a total mass of ≈1.5 g and the

sample mosaic was 1.5◦ full-width-at-half-maximum. Each single crystals was chosen to have

substantial mass of at least 90 mg and above. The biggest mass was ∼ 235 mg. The crystals

were checked for sample quality – flat, smooth surface without layers, and if they are indeed

single-crystals using Laue camera. The FeAs-grown plates do not have facets like the Sn-grown

single crystals, they do conveniently have the c-axis perpendicular to the plates. Subsequently,

they were aligned using Laue camera according to the tetragonal crystal structure (I4/mmm,

space group =139) to form the large collection of co-aligned single crystals. See Laue pattern

in Figure 3.2 The sample was oriented with (110) along the direction of the Al fingers and

the tetragonal c-axis parallel to the incident beam. As neutrons scattered only weakly from

aluminum, the single crystal sample was affixed on aluminum fingers with aluminum wire and

aluminum foils as seen in Figure 3.3. The use of it was minimized to avoid excessive scattering

by non-sample contributing to the background scattering. The scattering by Al phonons can be

observed in the results at energy transfers less than ∼ 40 meV. The crystals were arranged such

that they were concentrated to the center of mass of the entire sample, alternating between

two and three crystals per plate. Neutron absorbing boron nitride shielding was added to the

front of the sample at the lower side to reduce scattering due to the holders.
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Figure 3.2 The Laue diffraction patterns for CaFe2As2 single crystals. The (110) direction is

aligned along the direction of the fingers as seen below.

Figure 3.3 The mount for 12 co-aligned CaFe2As2 single crystals used for the experiment at

ARCS, showing the experimental orientation from the front and side view. The

Al mount is attached to the standard large exchange gas can at ARCS.

These fingers were attached on Al plates and mounted with a 1
4” wide aluminum post mount

onto the standard large exchange gas can at ARCS, as shown in Figure 3.4. The gas can is

indium-sealed and helium-filled with an opening at the top for the temperature sensor mount.

The maximum beam size is 2”x 2” wide as seen in the dimensions given in Figure 3.4. The

sample was attached to the cold-finger of a cryostat.
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Figure 3.4 Dimensions of the standard large exchange gas can at ARCS. It is Indium sealed

and filled with helium. The beam location on the can is shown in the blueprint.

3.1.2 Scattering geometry and convention

The data presented here are described in the tetragonal I4/mmm coordinate with Q =

2π
a (H +K )̂i+2π

a (H −K)ĵ+2π
c Lk̂. The convention was introduced in Chapter 2. The momen-

tum transfer can be projected into Q‖, in the k̂ direction and Q⊥, in the basal plane. For anti-

ferromagnetic wave vector, QAFM = (12 ,
1
2 ,L), where H = 1

2 and K = 0 and L = odd. H and

K are defined to conveniently describe diagonal cuts in the I4/mmm basal plane as varying H

corresponds to a longitudinal [H,H] scan while varying K corresponds to a transverse[K,−K]

scan through the antiferromagnetic wave vector. It can also be shown that H and K are the

reciprocal lattice vectors of the Fe square lattice as discussed by G. S. Tucker.[72]
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Figure 3.5 The scattering vector with incident beam ki and outgoing beam kf . The c-axis of

the sample is parallel to the incident beam

The scattering vector Q can be decomposed into Q‖, the component parallel to the incident

energy beam, and Q⊥, the component perpendicular to the energy beam, as presented in

Figure 3.5. From the law of cosines, and using the relationship for cos η =
Q‖
Q one can write

Q‖ as

Q‖ = ki −
√
k2
i − (Q2

⊥ + k2
i − k2

f ) (3.1)

The minus sign was chosen for neutron energy loss. Using the dispersion relation and energy

conservation, one can write Q‖ ( Q⊥, E, Ei ) as

Q‖ =

√
2mEi

h̄2 −

√
2m(Ei − E)

h̄2 −Q2
⊥ (3.2)

The L-component of the wave vector is modulated by the energy transfer. Hence, this

calculation is important to determine the L-component of the wavevector when energy is varied

at constant Q⊥.
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3.2 Results

In these experiments, we performed a detailed survey of the spin fluctuations at tempera-

tures above (T = 150 K) and below (T = 10 K). A white beam was first used to get ‘Laue’ like

pattern to obtained lattice parameters, orientation and to check the alignment. The average

lattice parameters found were a = 3.9605 Å and c = 11.705 Å at T = 150 K. The tetragonal to

collapsed tetragonal (T-cT) transition is TS ≈ 90 K based on the lattice collapse in reference

[9]. This structural transition temperature was verified with a temperature-dependent mea-

surement of the lattice parameter c, as seen in Figure 3.6. The lattice parameter c was reduced

by approximately 8.5 % from 150 K to 50 K. Magnetic scattering data were checked at various

temperature to ensure a complete magnetic transition. To take accurate measurements in the

collapsed phase, the low-temperature measurements were taken at T = 10 K, well below this

transition temperature.
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Figure 3.6 Values for the c-lattice parameter as a function of temperature,T (K) for the un-an-

nealed, FeAs-flux as-grown CaFe2As2 sample determined from neutron diffraction

measurements at ARCS. The data was collected till 40 K but was subsequently

lower to 10 K to ensure a full structural transition.

The alignment and crystallinity of the sample was checked with a rocking curve of (0 0 2)

peak at various temperatures and incident energies, allowing one to find the maximum and
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minimum angles as the peak moves when the sample is cooled from 150 K to 10 K. The rocking

curves of the peak for temperature at T = 150 K and 10 K for similar region of interest is

presented in Figure 3.7. From the fitted gaussian, the FWHM at T = 150 K is 1.16 and at T

= 10 K is 1.45.

Figure 3.7 The rocking curve of (0 0 2) peak taken for incident energy, Ei = 75 meV at (a)

150 K and (b) 10 K for the same region of interest.

3.2.1 Absence of spin fluctuations in cT phase

We used MSLICE software to visualize and analyze the data.[68] All data has been nor-

malized by the incident beam’s proton charge in the reduction process. When possible, data

were folded for symmetry equivalence to improve statistics. The reduction process and analysis

are described in Chapter 3. One and two-dimensional cuts through the main crystallographic

symmetry directions were performed for subsequent data analysis. One of the main goals is to

investigate if the collapsed tetragonal phase is truly non-magnetic. Figures 3.8 and 3.9 show

the two-dimensional slices taken that display the key result of our measurements.
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Figures 3.8 shows constant energy transfer slices for Ei = 75 meV at an energy transfer of

E = 50 ± 10 meV [Figures 3.8(a)], and Ei = 250 meV at an energy transfer of E = 80 ± 10

meV [Figures 3.8(b)] taken at 150 K, above the tetragonal to collapsed tetragonal transition

temperature. The AFM spin fluctuations centered at QAFM and higher order positions (for Ei

= 250 meV) are clearly observed. Figures 3.8 (c) and (d) show the neutron intensity for these

same constant energy (∆E =± 10meV) slices taken at T = 10 K in the cT phase, demonstrating

the absence of magnetic scattering in the vicinity of QAFM . We find no evidence of magnetic

intensity at other positions in the zone.

Figure 3.8 Constant energy (∆E = ±10 meV) slices in the (H, H) - (K, -K) plane with

incident beam energies of 75 meV (left panel) and 250 meV (right panel). The color

scale shows the intensity of the scattered neutrons in the stated energy intervals.

The white lines are regions corresponding to gaps in the detector coverage. The

paramagnetic T phase at T = 150 K is shown in panels (a) and (b). There is no

evidence of magnetic excitations in the cT phase at T = 10 K in panels (c) and

(d).
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Figure 3.9 shows the corresponding set of energy transfer slices taken in the vicinity of

QAFM . The plots show magnetic intensity along the [K,-K] direction and energy transfer, E,

after averaging over the longitudinal [H, H ] direction from 0.45 < H < 0.55 in reciprocal lattice

units (r.l.u). Figures 3.9 (a) and (c) show the neutron intensity for Ei = 75 meV and 250 meV,

respectively, taken at T = 150 K. In the T phase, the plume of scattering at QAFM extends

well above 100 meV [Fig. 3.9 (c)]. The transfer energy slices taken in the cT phase, at T =

10 K, again show no evidence of magnetic scattering in this region.

Figure 3.9 Transfer energy slices of the magnetic intensity along the [K, -K] direction after

averaging over an interval of ±0.05 in the longitudinal [H, H] direction for incident

energies of 75 meV (left panel) and 250 meV (right panel). In panels (a) and

(b), the magnetic excitation are clearly evident, extending up to at least E = 140

meV in the paramagnetic T phase at T = 150 K for Ei = 250 meV. At low

temperature, in the collapsed tetragonal phase, at T = 10 K [panels (c) and (d)],

magnetic excitations are absent. The dispersing features entering from the left and

right sides of panels (a) and (c) are phonons from the Al sample holder.
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Implications

Figures 3.8 and 3.9 clearly demonstrate that the AFM fluctuations characteristic of the

tetragonal phase are absent in the collapsed tetragonal structure, consistent with the absence

of any Fe moment. The full suppression of magnetism and the absence of superconductivity

in the collapsed tetragonal phase supports current theories of unconventional pairing in the

iron pnictides via spin fluctuations, and raises important questions regarding the origin of

superconductivity in the collapsed tetragonal phase of (Ca1−xSrx)Fe2As2 with Tc ≈ 22 K

[46] and (Ca1−xRx)Fe2As2 (R = Pr, Nd) with Tc > 45 K [48]. Both References [46] and

[48] acknowledge the possibility of the SC originating in a second phase, perhaps within some

retained tetragonal phase as found for CaFe2As2 under uniaxial pressure.[51] On the other hand,

the values for Tc in these systems is significantly higher than that found for CaFe2As2 (≈ 10

K), offering the possibility that superconductivity arises from an alternative pairing scenario.

Clearly, it would be instructive to study examples of the Sr and R-substituted compounds

using the time-of-flight methods described here to establish whether remnants of magnetic

fluctuations persist into the cT phase.

3.2.2 Antiferromagnetic spin fluctuations in tetragonal phase

The absence of magnetic scattering in the cT phase provides us with a nonmagnetic analog

for further investigations of the spin fluctuations in the higher-temperature T phase. Figure 3.10

displays the energy-dependent spin fluctuations near the antiferromagnetic wavevector in the

tetragonal phase for Ei = 75 meV (a) and Ei = 250 meV (b). The observed magnetic inelastic

neutron scattering data in terms of the dynamical structure factor, S(Q, ω), is obtained after

subtracting a background function B(Q, ω) from the measured intensity I(Q, ω) (S(Q, ω) =

I(Q, ω) - B(Q, ω)). The background is usually estimated at a vector away from the magnetic

scattering features but we were able to obtain these plots by directly subtracting the data

obtained in the low-temperature collapsed tetragonal phase at 10 K from the measurements in

the high-temperature tetragonal phase at 150 K.
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The resultant difference spectrum was folded across the the diagonals of Fig. 3.8, increasing

the statistics by taking advantage of the four-fold symmetry of the (H, H)-(K, -K) plane. The

range of integration in Q was H = 0.45 to 0.55 r.l.u. and K = -0.06 to +0.06 r.l.u., for

consistency with Reference [54]. The intensity modulation with energy arises from variations

in the structure factor along L which are observed as energy-dependent intensity oscillations

that are peaked at the AFM zone centers [L = 1(≈ 10 meV), L = 3(≈ 30 meV), L = 5(≈ 50

meV)].[54]

Figure 3.10 The dynamical structure factor, S(Q, ω), as a function of energy measured at

QAFM = (1
2 ,

1
2 , L) for incident neutron energies of a) 75 meV and b) 250 meV.

The scales at the top is the L values for corresponding energy values. The solid

lines represent fits to the data as described in the text.
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Background subtraction

Figure 3.11 shows a comparison of the background intensity as a function of energy around

QAFM = (0.5, 0.5, L) for two methods, one by subtracting a non-magnetic background at off

peak wave vector at T = 150 K and the second which was performed in the current studies, by

subtracting the cT phase from the T phase. The comparison in figure 3.11 shows there is no

additional excitation in the collapsed tetragonal phase.

Figure 3.11 Energy dependence of the signal measured on ARCS. Open circles are background

data estimated from a non-magnetic peak. Open squares show the background

data obtained at the supposed magnetic peak in cT phase at T = 10 K.

Complementing these data, in Figure 3.12 we show constant-energy cuts through QAFM

along the longitudinal [H, H] and transverse [K, -K] directions for energy transfers from 20 to

120 meV. Data taken in the paramagnetic T phase at 150 K (blue circles) are contrasted with

the corresponding cuts in the cT phase at 10 K (shaded squares), once again demonstrating the

absence of any magnetic signal in the cT phase. Furthermore, the background scattering away
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from QAFM in the T phase is indistinguishable from the scattering in the cT phase indicating

that there is no additional paramagnetic contribution.

Figure 3.12 Constant-energy Q-cuts of the magnetic scattering along the longitudinal [H, H]

direction (left panel) and transverse [K,-K] direction (right panel) with an incident

neutron energy of 250 meV for the T phase at 150 K (blue circles) and the cT

phase (shaded squares). The in-plane anisotropy of the scattering is clearly seen

by comparing the widths of the scattering in the longitudinal and transverse

directions at a given energy transfer. The solid lines represent fits to the data as

described in the text.

Following reference [54], the transfer-energy cuts and constant-energy cuts in Figures 3.10

and 3.12 can be described by a scattering model that includes short-ranged and anisotropic
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spin correlations with overdamped dynamics. The dynamic susceptibility (imaginary part) can

be written as,

χ′′(Q, ω) =
h̄ωγχ0

(h̄ω)2 + γ2{(q2 + ηqxqy)a2 + ( ξTa )−2 + ηc[1 + cos(πL)]}2
(3.3)

where Q = QAFM + q and q2 = q2
x+q2

y . The parameter χ0 is staggered susceptibility, ξT is the

magnetic correlation length at temperature T in units of Å, and γ is the damping coefficient

from the spin decay into particle-hole excitations. Two dimensionless parameters describe

the anisotropy of the in-plane correlation lengths (η) and the strength of the interlayer spin

correlations (ηc = Jcχ0). Here, γ = ΓT ( ξTa )2, where ΓT is the Lorentzian energy width and a

is the in-plane lattice parameter. The Lorentzian width and the correlation length ξT are used

to describe quasielastic excitation,

χ′′(Q, ω) =
h̄ωΓTχT

(h̄ω)2 + Γ2
T (1 + q2ξ2

T+)2
(3.4)

As mentioned, the magnetic intensity, S(Q, ω), is proportional to the imaginary part of the

dynamic spin susceptibility χ′′(Q, ω) via the fluctuation-dissipation theorem,

S(Q, ω) ∝ F 2(Q) χ′′(Q, ω)

(1− e−h̄ω/kBT )
(3.5)

where F (Q) is the Fe2+ magnetic form factor. The values for γ = 43 meV, ξT = 7.9 Å, η = 0.55

and ηc = 0.20 were determined for the paramagnetic T phase at 180 K in Ref. [54]. Using

equation 3.4 and 3.5 along with these values, we obtain excellent fits (lines in Figures 3.10 and

3.12) to our measured data varying only a scaling constant. It should be noted that the present

data set extends to much higher energies than previously measured for CaFe2As2. Therefore,

this data provides additional validation of the nearly AFM spin fluctuation model proposed by
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Diallo et al. and, in addition, shows that the spin dynamics of the FeAs flux-grown samples and

the original Sn flux-grown samples are identical.[54] We further note that the simple diffusive

response of the spin excitations in CaFe2As2 differ from what has been previously measured

for the BaFe2As2 compound where a distinct transverse splitting appears in both the ordered

and paramagnetic phases at high energies.[73]

Conclusion

In summary, we have studied the magnetic excitation of CaFe2As2 in the tetragonal (150 K)

and collapsed tetragonal (10 K) phase for two incident energy, Ei = 75 meV and Ei = 250

meV. Our time-of-flight inelastic neutron scattering data demonstrate that the cT phase at

10 K is non-magnetic for the wide range of wave vector and energy studied. Based on an

accurate background subtraction using the non-magnetic cT phase, we find no evidence for

spin fluctuations at other wave vectors or any other incoherent spin fluctuations and conclude

that the magnetic fluctuations are exclusive to QAFM for energies below 120 meV. The absence

of magnetic ordering and spin fluctuations in this non-superconducting collapsed tetragonal

phase supports the notion that antiferromagnetic spin fluctuations and superconductivity are

intimately related. In light of recent reports of high-temperature superconductivity in the cT

phase of (Ca1−xSrx)Fe2As2 and (Ca1−xRx)Fe2As2 (R = Pr, Nd), the absence of spin fluctuations

in the cT phase of CaFe2As2 calls for similar measurements on these systems.[48]
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