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ABSTRACT

Interplay of multiple degrees of freedom and various emergent phenomenon in iron

based material

by

Yu Li

The term ’condensed matter’ is popularized by Anderson based on his famous

philosophic idea ”more is different”. It refers to the hierarchical structure of science.

As the system grows from a few particles to a large and complex aggregates and

involves a massive increase of degrees of freedom, new physics emerges which is not a

simple extrapolation from the elementary building blocks. This brings us the various

exotic quantum phenomenon observed in correlated electron system, such as high Tc

cuprate and iron pnictide superconductors. In the cuprate and newly discovered iron

based superconductors, there are multiple interactions competing or coexisting with

each other, and it is usually believed that the high Tc superconductivity arises from

the suppression of the long range antiferromagnetic (AF) order, and meanwhile the

’normal states’ in the parent compounds are not normal and exhibit exotic properties

such as the pseudo gap phase in cuprate and nematic phase in iron pnictides. In

these phases, multiple degrees of freedom such as spin, charge, orbital, and lattice

are entangled and it is often difficult to distinguish the driving force of the various

emergent behavior.

Cuprate superconductors are usually considered as doped Mott insulators where

the kinetic energy and on-site Coulomb repulsion U are two dominant energy scales



competing with each other. In iron pnictides, however, the strongly enhanced mass

of electrons is not from Hubbard U but the Hund’s coupling J. The extra orbital

degree of freedom pushes the system to bad metals and leads to orbital selective

physics. In LiFeAs which is believed to be in proximity to the orbital selective Mott

transition, large orbital differentiation have been obtained by DMFT and observed

by ARPES experiments. In my inelastic neutron scattering experiment on Co-doped

LiFeAs, I found the electron doping dependence of the low energy spin fluctuations is

opposite to that observed in Ba122 system. According to the Fermi surfaces results

from ARPES, it is the natural result of orbital dependent band renormalization and

is consistent with the nesting picture. More significantly, in the whole spin excitation

spectrum, I observed the two-branch feature of the spin excitations which indicates

the existence of orbital selective spin excitations in LiFeAs system.

With spin-orbit coupling, the spins in solid feel the local surrounding charge en-

vironment and prefer certain orientations in spin space. This gives the magnetic

anisotropy and leads to gap opening in the spin excitation spectrum. With polarized

neutrons, one can determine the dynamic magnetic responses along different crystal

axes. In previous neutron scattering experiments, it was found that there are evolu-

tions of spin anisotropy from undoped to overdoped compounds or from low to high

temperatures in 122 families. In Ni-doped BaFe2As2, spin excitation anisotropy can

be used as a probe of orbital ordering in the paramagnetic tetragonal phase. In my

polarized neutron scattering on BaFe2As2, I succeeded in observing the critical scat-

tering in Ma component but not the other two. This suggests that the low energy

effective model near the magnetic transition in BaFe2As2 has Ising spin anisotropy.

The nematic phase in iron pnictide is a typical emergent phenomenon involving

multiple degrees of freedom coupled with each other. What is the driving force of

the nematicity is still an open question up to now. In NaFeAs parent compound, I

studied the coupling between the spin and lattice degree of freedom and the conse-

quences on the phonon and magnon spectra. I demonstrated that the IPTA phonon



which is associated with the orthorhombic distortion in the nematic phase, has soft-

ening behavior persisting far above Ts, resulting in the nonlinear dispersion in the

long wave length regime (small q). The observed phonon softening and the coinci-

dental spectral weight redistribution of spin waves are the natural consequences of

the spin-phonon coupling and the one-phonon-two-magnon scattering process has to

be involved. Our results suggest that the spin-phonon coupling might play important

roles in determining the physical properties in the nematic phase.

In conclusion, I studied the complex interplay among several degrees of freedom

in iron pnictides including 122 and 111 systems and the effect of their coupling on the

various dynamic properties. My results provide significant advances in understanding

the normal state of iron pnictides and unveiling the underlying physics which might

be responsible for high Tc superconductivity.
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1

Chapter 1

Iron Based Superconductors and Magnetism

1.1 Structure of the iron based superconductors

The discovery of superconductivity[1] at 26K in LaFeAsO with partial oxygen sub-

stituted by F in 2008 is so seminal that a new class of high temperature supercon-

ductors starts to garner the interests of physicists and quickly expands to include

a great number of iron-containing compounds. Up to now, the list of these com-

pounds include AFeAs (A=Li,Na, the 111 system)[2], AFe2As2 (A=Ba,Sr,Ca,K, the

122 system)[3], RFeAsO (R=La,Ce,Pr,Nd,Sm,... the 1111 system), Fe1+yTe1−xSex

(the 11 system)[4], AxFe2−ySe2 alkali iron selenides [5] and some other compound-

s with complicated structures such as Ba2Ti2Fe2As4O [6], Aen+1MnOnFe2As2 and

Aen+2MnOyFe2As2 [Ae=Ca,Sr,Ba; M=Sc,V,(Ti,Al),(Ti,Mg),and (Sc,Mg)] [7]. All

these material share the common Fe2X2 (X=As and Se)-layer structure unit, with

various intercalated structure in between. Figure 1.1 shows the structures of the

so-called ’122’ and ’111’ compounds. The significant difference between these two

structures is the stack pattern of the Fe2X2 layers. In 122 family, there is half period

shift between the top and bottom FeAs layers, while in 111 family, there is single

layer in the unit cell. Replacing the intercalant elements with molecular complex-

es such as LaO layer or BaTi2As2O gives rise to the 1111 (LaFeAsO) and 22241

(Ba2Ti2Fe2As4O) superconductors. 11 family has the simplest structure in the iron

based material. In the following text, we will focus on the 111 and 122 families of the
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A

Fe

As

a

b
c

Figure 1.1 : Crystal structure for representative compounds ’122’ and ’111’ families
in the iron based superconductors. All iron pnictides/selenides share the common
stacked FeAs layer highlighted in the light green color with different intercalated
structures in between. Note that due to the large size of the intercalated ions in
122 structure, there is a glide between the neighboring FeAs layer resulting in the
reflection symmetry about the horizontal plane in the unit cell.

iron pnictides.

Within the FeAs layer, the Fe and As are held tight by covalent bonds. But

the bonding between different layers is relatively weak and depends on the inter-

layer distance which can be controlled by the intercalations. It was later proved

by various experiments and theoretical calculations that the electron hopping and

magnetic correlation are weaker along c-axis than in plane.

It is widely believed that the superconductivity occurs on the FeAs layer [Fig.1.2(a)]

similar to the case in copper oxide superconductors. The electronic bands in these

systems are quasi-2D with bare dispersion along kz direction. In this case, the Fermi

Surfaces can be represented by the closed pockets in 2D Brillouin Zone (BZ). In prac-

tice, we define three kinds of unit cells and their corresponding BZs. The single-Fe

unit cell (green square in Fig.1.2(a)) is usually used in analytical model to capture the
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Figure 1.2 : (a)Top view of the FeAs layer. Green solid circles with arrow sitting
on are the magnetic Fe2+ ions. Pink and red dashed circle are the As below and
above the Fe plane respectively. The single-Fe (tetragonal and orthorhombic/AFM)
unit cell is highlighted in green (orange and brown). (b) The Brillouin Zones (BZ)
corresponding to the three different unit cells in (a). The red circles and blue ellipses
are the hole and electron Fermi pockets. (c) The reduced 2D magnetic scattering
space. The dashed hollow square is the first AFM BZ while the grey square is the
second equivalent BZ by symmetry. It is worth noting here that in practice, we use
the area enclosed by magenta square as the magnetic BZ. The confusion comes from
different groups of people based on different assumptions. We should keep in mind
that although the languages people use are different, the underlying physics does not
change.

main features of the band structure neglecting all secondary effects. The correspond-

ing BZ is shown as the green square in Fig.1.2(b). The Fermi surfaces of the iron

pnictides consist of one or two hole pockets at the zone center (Γ), electron pockets at

the borders and additional hole pockets at the corners. These Fermi surfaces change

their shape and area with doping and electron correlation and sometimes even disap-

pear in extremely hole- or electron- overdoped compounds. Considering the position

of the off-plane As ions, we have a unit cell with two Fe atoms. The resultant BZ

is half the size of the single-Fe BZ enclosed in the yellow square in Fig.1.2(b). The

reduced BZ leads to band folding between M and Γ and between X and Y and thus

changes the shape of the Fermi surface due to band crossing and hybridization. This
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is also called 2D tetragonal unit cell and is often seen in ARPES and band calcula-

tion results. Below the magnetic transition temperature. The symmetry is further

reduced and results in a enlarged 4-Fe unit cell. The unit cell corresponds to the 2D

AFM unit cell and its BZ is shown as the shaded brown square in Fig.1.2(b). Further

band folding is induced by translational symmetry of the AFM wave vector and it has

been observed in angle resolved photoemission spectroscopy (ARPES) experiments.

It is worth noting that the AFM wave vector is (π,0) which is the direction from hole-

to electron pockets. It was ever believed that this coincidence implies the magnetic

order is driven by the Fermi surface nesting. However, it is not the case in α-FeTe

compound [8]. In fact, the AFM wave vector in iron pnictide is (1,0,1) in 3D space

in reciprocal lattice unit. By projecting it into 2D plane, we could conveniently plot

the low energy magnetic excitations in the way shown in Fig.1.2(c). The low energy

magnetic excitations are located at the AFM wave vector (1,0) which is the center of

the second AFM BZ. The excitations at (0,1) are due to the twinning effect (Chapter

5).

Since the low energy physical properties highly depend on the band structures

nearby the Fermi level, it is helpful to build tight-binding models to simulate the

electronic bands around the Fermi level in the iron pnictide material . To model the

band structure we are interested in, we assume the following single-electron Hamilto-

nian

H0 = −
∑
k,α,σ

ϵinkiσ −
∑
k,α,σ

tikd
†
kiσdkiσ, (1.1)

where i = α1,α2,β1,β2 refer to the band indices, ϵi are the on-site single-electron

energies. Here we use the tetragonal BZ, then the hole Fermi surfaces are formed by
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Figure 1.3 : (a)Calculated two-dimensional effective band structure along the main
symmetry directions of the two-Fe BZ for the LaFeAsO system. (b) 3-dimensional
band dispersion nearby the Fermi level in the 2-dimensional BZ. (c) The Fermi Sur-
faces result from the band structure across the Fermi level.

the electronic dispersion described by tα1,α2

k = tα1,α2

1 (coskx+cosky)+tα1,α2

2 coskxcosky,

and the electronic bands are tβ1,β2

k = tβ1,β2

1 (coskx + cosky) + tβ1,β2

2 coskx
2
cosky

2
. We use

ϵi= -0.6, -0.4, 1.7 and 1.70, ti1 = 0.30, 0.20, 1.14 and 1.14, ti2 = 0.24,0.24,0.74 and -0.64

for i = α1,α2,β1 and β2 respectively [9]. Although there are deviations from the band

structure of the DFT calculations, it has been proved to be a good approximations

to describe the Fermi Surfaces in 1111 system. The calculated band dispersion is

shown in Fig.1.3. The suitable energy range is highlighted in green in panel (a) which

qualitatively captures the essential topological characters of the Fermi surfaces. In

Fig.1.3(b), the upwardly curved surfaces are electronic bands at the zone corners

and the downwardly curved are the hole bands at the center. The Fermi level cuts

through these bands and the cross sections are the Fermi surfaces. Since all the

electronic states below the Fermi level are occupied, in the top view [ Fig.1.3(c)], the

area enclosed in the pockets at the centers are filled with holes while the pockets at

the corners full of electrons. These are the so-called hole- or electron- Fermi surfaces

(pockets).
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1.2 Phase Diagram of BaFe2As2 and NaFeAs system

The pure Ba2Fe2As2[10] is not bulk superconducting but exhibits poor metallic be-

havior. At room temperature, the material is paramagnetic with tetragonal space

group I4/mmm symmetry. As the temperature goes down, there is a tetragonal-to-

orthorhombic structural transition occuring at 136K with a tiny orthorhombic distor-

tion in ab plane (b<a), closely followed by an antiferromagnetic transition with spins

oriented along the Fe-Fe direction as shown in Fig.1.2(a). Between the planes, the

spins are anti-parallelly aligned. By introducing charge carriers into the system, the

structural/magnetic transition is suppressed and superconductivity emerges in the

proximity to the AFM phase. The undoped compounds are conventionally named

as parent compounds out of which the superconductivity is born. The AF magnetic

order is sometimes called spin density wave (SDW) by emphasizing its poor metallic

properties. In the following text, we will keep using AFM order for convenience but

not refer to its itinerant or localized origin.

One of the most interesting phenomenon in these material is the separation of

the structural and magnetic transition temperatures. As seen in the phase diagram

of electron doped BaFe2As2 in Fig.1.4, the splitting between these two transition

increases as doping electrons. It has been found that the system exhibits in-plane

anisotropy above the structural transition temperature (TS) under uniaxial strain in

various transport[11, 12, 13],ARPES[14, 15] and neutron scattering experiments[16].

This anisotropy vanishes near optimal doping ratio and has been suggested as a signa-

ture of the spin/electronic nematic phase which breaks the 4-fold rotational symmetry

(C4) into the 2-fold symmetry (C2). So far, the interpretation of the nematicity is

still in doubt. Conventionally the nematic phase is defined as the state below TS

where the lattice symmetry changes from C4 to C2 and above the AFM transition
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PM/Tet PM/Tet

SC SC

AFM

Ort / NematicAFM

electron doping ratiohole doping ratio

TN/Ts

Tc

Phase diagram of BaFe2As2

PM/Tet

SC

AFM

Ort / Nematic

0

electron doping ratio0

Phase diagram of NaFeAs 

Figure 1.4 : Sketches of the phase diagram for BaFe2As2 (122) [18] and NaFeAs
(111)[19] compounds.

temperature, although there are some evidences suggesting that the nematicity may

exist above TS [17]. Unfortunately, the small separation between TS and TN gives

a very limited temperature window to study the nematic phase in BaFe2As2 system.

By contrast, the structural and magnetic transition in NaFeAs 111 family are well

separated as seen in Fig.1.4. In Chapter 5, we will further discuss this topic in

NaFeAs.

Depending on how much charge carriers are introduced into the system, the phase

diagram of the superconductivity could be qualitatively separated into three parts.

For instance, in the phase diagram of BaFe2As2, there exists a superconducting dome



8

with the peak at the point where the AFM order is completely suppressed. Those

compounds at this doping ratio are optimal doped. On the left sides next to the

parent compounds, there are under-doped compounds, and on the right side, they

are over-doped. We note that although the phase diagrams look similar for electron-

and hole- doped compounds, they are not exactly symmetric. On the electron doped

side, there is a nematic phase between TS and TN , but on the hole-doped side, the

TN and TS are coincident. In addition, the concentration of the dopants required

for superconductivity are not the same. For instance, In hole-doped Ba1−xKxFe2As2,

the superconductivity persists up to x = 1 in KFe2As2 with all Ba substituted by K.

But in electron-doped BaFe2−xNixAs2, the superconductivity is completely suppressed

at x=0.25. As in copper oxide superconductors the superconductivity arises in the

proximity to the AFM order, it is widely believed that the strong short range spin

fluctuations in iron pnictides are responsible for the superconductivity.

1.3 Superconductivity and Antiferromagnetic Fluctuations

1.3.1 BCS superconductivity

Superconductivity is a phenomenon of exactly zero electronic resistance and full ex-

pulsion of magnetic fields occurring below certain temperature. The first successful

microscopic framework to explain the superconductivity was the BCS theory named

after John Berdeen, Leon Cooper and John Robert Schrieffer. The most essential

concept in this theory is ’Cooper pair’. A cooper pair is a pair of electrons with oppo-

site momentum and spins (Fig.1.5(a)) as first described in 1956[20], so it is a singlet

with zero momentum. It was later extended to be a triplet with parallel spins and has

non-zero momentum to describe some exotic unconventional superconductors. BCS
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Figure 1.5 : Schematics of the Cooper pair(a) and electron-phonon coupling(b).

considered the Fermi sea as the ground state of metal and successfully demonstrated

that in the presence of arbitrarily small attraction between the electrons at the Fermi

level, the Fermi sea becomes unstable against the formation of Cooper pairs and the

whole Fermi surface breaks down. A Cooper pair is a boson and has energy lower

than the Fermi energy. The condensation of Cooper pairs is energetically favorable to

the normal state and the ground state is superconducting (BCS). In simple metallic

system, the attractive interaction originates from the electron-phonon coupling via

exchange of virtual phonons. Schematically, this interaction can be understood as

shown in Fig.1.5(b). Electrons (green balls) have negative changes and the lattice of

the ion cores (red balls) have positive ones. One electron (e1) distorts the lattice via

Coulomb attraction and creates a phonon (dynamic lattice distortion). As e1 pass

by, the lattice distortion can not be recovered immediately and the positive charge

imbalance is left behind. A second electron (e2) feels the attraction from the positive

charge and absorb the phonon. This process is totally dynamic. Once the strength

of the attractive interaction overcomes the Coulomb repulsion between the electron-

s so the net interaction is attractive, the BCS superconducting state forms. BCS
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theory was very successful in explaining various experimental results of conventional

superconductors like Nb3Sn[21] and MgB2[22] and especially the isotope effect.

1.3.2 Spin fluctuation induced superconductivity

BCS theory is weak correlated theory and relies on the electron phonon coupling.

However, this is not realized in many unconventional superconductors such as copper

oxide superconductors where exists the strong Coulomb repulsion which dominates

over electron-phonon coupling. As the field of superconductivity advanced, people

realized that electron-phonon coupling is not the unique glue for superconducting

pairing, especially in magnetic material. In 1966, Berk and Schrieffer [23] gave a

paramagnon mediated interaction in the singlet pairing channel for a Hubbard model.

This interaction has the form

Vs(q, ω) ∼=
3

2

U
2
χ0(q, ω)

1− Uχ0(q, ω)
, (1.2)

with

χ0(q, ω) =

∫
d3p

(2π)3
f(ϵp+q − f(ϵp))

ω − (ϵp+q − ϵp) + iδ
, (1.3)

the usual Lindhard function. This function diverges at (1- Uχ0(q, ω)) → 0. The para-

magnon spin fluctuation interaction is characterized by the dimensionless parameter

λ in the form of

λSF = −
∫ ∞

0

< ImVs(q, ω) >

(ω
dω = −Re < Vs(q, 0) > . (1.4)

In the cases of ferromagnetic metals, λSF is negative and does not favor s-wave super-

conductivity. Later, it was demonstrated that paramagnetic spin fluctuations could

provide a p-wave triplet pairing interaction. The paramagnon exchange interaction
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Figure 1.6 : (a)Schematics of Vs(q) vs two dimensional momentum (kx and ky) with
short range antiferromagnetic spin fluctuations.(b) Sketches of the Fourier transform
of (a). Red (blue) color represent positive (negative) sign and the radius of the circle
represent the amplitude. The potential at origin point is extremely repulsive for two
electrons on the same sites.

in the triplet channel provides an effective pairing interaction and is written as

Vt
∼= −U

2

2

χ0(q, ω)

1− Uχ0(q, ω)
, (1.5)

Then in 1986, there come several papers arguing that antiferromagnetic spin fluctu-

ations might mediate superconducting pairing in the heavy-fermion materials[24, 25,

26].

A brief and pictorial understanding of this interaction is shown in Fig.1.6. Due

to either itinerant band structure or local exchange correlations, the system with

antiferromagnetic fluctuations has Vs(q) with a peak at (π,π), for instance. Although

the Vs(q) is repulsive, its spatial Fourier transform

Vs(r) =
∑
q

eiq⃗·r⃗Vs(q, ω = 0), (1.6)

provides electrons with the opportunity for pairing. Here r is the separation of the

electrons making up pairs. From Fig.1.6, we could clearly see that the Fourier trans-
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form Vs(r) of the repulsive interaction is possible to be attractive on near-neighbor

sites as well as some longer-range sites in spite of strong repulsion at the origin point.

Taking advantages of the attractive channels, the electrons form Cooper pairs with

certain spatial arrangement and then superconductivity arises in the presence of spin

fluctuations. In most of the cases, unconventional pairing symmetry has to be formed,

such as dx2−y2 or S±. This is indeed the theoretical framework used to explain the

unconventional S±-wave superconductivity in iron pnictides.

To make this clear, let us consider the BCS gap equation

∆p = −
∑
p′

V (p− p′)∆p′

2Ep′
. (1.7)

On the right hand side, it is summed up over the whole Fermi surface (p and p’ are

any wave vectors on the Fermi surface). In conventional BCS superconductors, V is

negative and nearly constant over the Fermi surface. From Equ.1.7, we know ∆p has

to be the same sign over the whole Fermi surface and commonly with an amplitude

weakly varied. However, for a positive interaction, the gap has to change signs on

the Fermi surface in order to satisfy the Equ.1.7. Consider a system with a large

circular Fermi surface, and assume ∆p′ is positive for p′ at (-π,0). Then the strong

scattering with wave vector Q = p− p′ ≃ (π,π) gives a negative gap ∆p at p = (0,π).

And the gap equation has a form of ∆p = ∆0(cospx + cospy). In this scenario, there

are nodes on the Fermi surfaces where the gap is zero. The superconducting gap

has to be anisotropic as shown in Fig.1.7(a). In iron pnictides [Fig.1.7(b)], however,

due to the special topology of Fermi surfaces, the superconducting gaps change signs

between hole Fermi pockets at the zone center and the electron pockets at the corners.

The amplitude of the gap on each Fermi surface might be a little anisotropic. This

pairing symmetry is named as S± and it is mediated by spin-fluctuations. Although
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Figure 1.7 : (Schematics of the dx2−y2 (a) and S± (b) pairing symmetry.

there is no consensus on the pairing mechanism for the high-Tc superconductivity,

the antiferromagnetic spin-fluctuations are promising candidates for explaining the

unconventional superconductivity in iron pnictides.
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Chapter 2

Neutron Diffraction and Scattering Technique

The neutron is an ideal probe for experimentalists to obtain structural and magnetic

information in condensed matter. The neutron carries zero charge so it has the

capability of penetrating through the electronic charge cloud and interacting with the

nuclei of atoms. The nuclei are considered to be point-like for neutrons. The neutron-

nucleus scattering is isotropic and can be simply characterized by the scattering length

b. The spin angular momentum carried by each neutron can interact the magnetic

moments no matter whether they are from localized or itinerant electrons.

In practice, we shoot a neutron beam with certain momentum k and energy E

onto the sample and collect the scattered neutrons. Like in all the other scattering

processes, the momentum and energy during the interaction between neutrons and

subjects are conserved. The mathematical forms are as follows.

Qtransfer = kf − ki (2.1)

Etransfer = ~ω = Ei − Ef (2.2)

The Qtransfer and Etransfer represent the momentum and energy transferred to the

crystal. The subscript i refers to the incident beam and f the out-coming beam.

The neutron beam used in a scattering experiment is obtained from a nuclear

reactor or a spallation sources based on distinguished types of nuclear reactions. In

the former case, the neutrons are produced continuously from the spontaneous fission

of 235U, while in the later case, the they are generated as pulses by bombarding a
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heavy target with high-energy protons. Different instruments are usually used to take

their advantages.

2.1 Principles and Formulas of Neutron Scattering

A brief introduction of the principles of neutron scattering would be helpful to under-

stand what is happening in the experiments. In neutron scattering experiments, we

measure the scattering cross-sections. Since neutron can interact with both nuclei and

spins, there are two types of cross section associated with these scattering process.

On one hand, the nuclear cross section gives information of the lattice. On the other

hand, the magnetic cross section tell us the density distribution of spins. In each

case, the elastic scattering detects the static structure while the inelastic scattering

measure the dynamic fluctuations.

Generally, the differential scattering cross section can be obtained from Fermi’s

Golden rule as

d2σ

dΩfdEf

=
kf
ki

∑
λi,λf

P(λi)|⟨λf |b
∑
l

eiQ·rl|λi⟩|2δ(~ω + Ei − Ef ). (2.3)

in which V represents the interaction operator for the neutron with the target and

λi and λf are the initial and final states of the sample. With Born approximation,

after averaging over initial states and summing over final states, one get

d2σ

dΩfdEf

|λi→λf
=

kf
ki
(
mn

2π~2
)2|⟨kfλf |V|kiλi⟩|2δ(~ω + Ei − Ef ). (2.4)

where P(λi) is the statistical weight factor for initial state |λi⟩. Alternatively, it can

also be expressed as

d2σ

dΩfdEf

|λi→λf
= N

kf
ki
b2S(Q, ω). (2.5)



16

in which

S(Q, ω) =
1

2π~N
∑
ll′

∫ ∞

−∞
dt⟨e−iQ·rl′ (0)eiQ·rl(t)⟩e−iωt. (2.6)

N is the number of nuclei, t is time and the angle brackets, ⟨...⟩ represents the average

over initial states. The goal of most neutron scattering experiments is to measure

S(Q,ω).

2.1.1 Nuclear elastic and inelastic scattering

Generally, for a lattice we are interested in, we assume the j-th atom within the unit

cell sits at position dj. Then the coherent elastic differential cross section is in the

form of

dσ

dΩ
|elcoh = N

(2π)3

v0

∑
G

δ(Q−G)|FN(G)|2, (2.7)

in which

FN(G) =
∑
j

bje
iG·dje−Wj (2.8)

is the static nuclear structure factor. It contains information on the atomic position

dj within a unit cell and the mean-square displacement ⟨u2
jα⟩.

In the inelastic scattering, we have S(Q, ω) corresponding to the fluctuations

as a function of momentum and energy. The scattering function is related to the

dissipative part of a linear response function via the fluctuation-dissipation theorem,

S(Q, ω) =
χ′′(Q, ω)

1− e−~ω/kBT
, (2.9)

in which χ′′(Q, ω) is the imaginary part of the dynamical susceptibility. When the
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neutron is scattered by a single phonon, one has

χ′′(Q, ω) =
1

2

(2π)3

v0

∑
G,q

δ(Q− q−G)
∑
s

1

ωqs

|F(Q)|2 × [δ(ω − ωqs)− δ(ω + ωqs)].

(2.10)

The dynamic structure factor F(Q) is given by

F(Q) =
∑
j

bj√
mj

(Q · ξjs)eiQ·dje−Wj (2.11)

in which mj is the mass of the j-th atom. s is the indice of a particular mode and ξjs

is the polarization vector of the j-th atom. The term Q · ξjs means that the neutron

is only sensitive to the phonon with polarization parallel to the momentum transfer.

With this property, one can selectively measure the longitudinal phonon or transverse

phonons.

2.1.2 Magnetic elastic and inelastic scattering

The magnetic moment of one neutron is equal to -γµNσ, where γ = 1.913 is the

gyromagnetic ratio ,µN is the nuclear magneton and σ is the spin operator. The

amplitude of magnetic scattering is pS with p = (γr0
2
)gf(Q). r0 is the classical

electron radius and γr0
2

= 0.2695× 10−12 cm. The derived magnetic differential cross

section is written as

d2σ

dΩfdEf

=
N

~
kf
ki
p2e−2W

∑
α,β

(δα,β − Q̂αQ̂β)S
αβ(Q, ω), (2.12)

with

Sαβ(Q, ω) =
1

2π

∫ ∞

−∞
dteiωt

∑
l

eiQ·rl⟨Sα
0 (0)S

β
l (t)⟩. (2.13)

α, β are the indices of three axis. l is the atomic site in the unit cell and the angle

brackets ⟨...⟩ denotes an average over configurations. The magnetic scattering cross
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section is only sensitive to the components of S perpendicular to the momentum

transfer Q.

The coherent elastic magnetic differential cross section is

dσ

dΩf

|elcoh = NM
(2π)3

νM

∑
GM

δ(Q−GM)|FM(GM)|2, (2.14)

where FM is the static magnetic structure factor in the form of

FM(GM) =
∑
j

pjS⊥je
iGM ·djeWj . (2.15)

where νM and NM refers to the volume of the magnetic unit cell and the number of

such cells in the sample, respectively.

In the magnetic inelastic scattering, we consider only single-magnon cross section.

The appropriate starting point is the differential cross section given by Equ.2.12. It

is apparently proportional to the spin-spin correlation function and thus the spin

susceptibility. More details for ferromagnet and and antiferromagnet are discussed in

the references [27].

2.1.3 Polarized Neutron Scattering

The differential cross section for scattering of polarized neutron is given by

d2σ

dΩfdEf

|sisf =
kf
ki

∑
i,f

P (i)|⟨f |
∑
l

eiQ·rlU
sisf
l |i⟩|2δ(~ω + Ei − Ef ), (2.16)

with

U
SiSf

l = ⟨sf |bl − plS⊥l · σ +BlIl · σ|si⟩. (2.17)

We use (ξ,η,ζ) as the coordinates of neutron polarization. If both the initial and final

neutron polarizations are along ζ-axis, then we have four possible matrix elements
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Uσσ are in the form of

U++ = b− pS⊥ζ +BIζ , (2.18)

U−− = b+ pS⊥ζ −BIζ , (2.19)

U+− = −p(S⊥ξ + iS⊥η) + B(Iξ + iIη), (2.20)

U−+ = −p(S⊥ξ − iS⊥η) +B(Iξ + iIη). (2.21)

In practice, such as in iron pnictide superconductors, we measure σSF
x,y,z in the [H,0,L]o

scattering plane and usually need to calculate the magnetic response Ma,Mb and

Mc along the orthorhombic a-,b-,and c-axis directions. Their relationship with the

measured spin-flip (SF) cross section are given below:

σSF
x =

R

R + 1
(sin2 θMa + cos2 θMc) +

R

R + 1
Mb +B, (2.22)

σSF
y =

1

R + 1
(sin2 θMa + cos2 θMc) +

R

R + 1
Mb +B, (2.23)

σSF
z =

R

R + 1
(sin2 θMa + cos2 θMc) +

1

R + 1
Mb +B, (2.24)

where R is the flipping ratio and B is the background scattering.

2.2 Neutron Scattering Instruments

2.2.1 Three-axis spectrometer (TAS)

The three-axis spectrometer is the most versatile and useful instrument used in inelas-

tic neutron scattering. It allows measurement of the scattering function at any point

in energy and momentum space physically accessible by the spectrometer. Bertram

Brockhouse developed this instrument and shared the 1994 Nobel prize. The whole

instrument is established on the well-known Bragg’s law which can be written in the
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Figure 2.1 : Schematics of three-axis spectrometer (TAS) (a) and time of flight in-
strument (TOF) (b).

form of

λ = 2d sin θS (2.25)

where d is an interplanar spacing. By defining |G| = 2π/d and |k| = 2π/λ, we have

|G| = 2|k| sin θS (2.26)

We could use Equ.2.25 and 2.26 in two opposite ways. One is to evaluate k of

the incident neutron beam satisfying the Bragg’s law with a given d of the crystal,



21

and the other is to measure the interplane spacing d of one crystal with a given k.

The three axes of TAS refers to the axes of rotation of three crystals which are the

monochromator,the sample and the analyzer. In monochromator and analyzer, we

could choose the wanted wave vector k by rotating the crystal with a known spacing

d. And with the selected k by the monochromater/analysor, we could estimate the

atomic spacing of the unknown sample. The schematics of the TAS is shown in

Fig.2.1 and it is the top view. The scattering plane lies in the horizontal plane. By

controlling the rotation of the crystals in monochromator and analyzer independently,

one can choose the incident ki and Ei and the diffracted kf and Ef and thus have

the flexibility to reach different Qtransfer and Etransfer.

2.2.2 Time-of-Flight Instrument (TOF)

The principles of the time-of-flight instruments are almost the same as the three-axis

spectrometer. The most significant difference between the TAS and time-of-flight

instrument is the way to determine the energy of scattered neutrons. In the TOF

technique, a burst of neutrons is produced and the times taken by the neutrons to fly

from the source to the detector are measured. Defining the distance from the sample

to the detector as DSD, and the arrival time of neutrons at the sample as TS and at

the detector as TD. Then the velocity of the out-coming neutrons can be calculated

from the equation

vf =
DSD

tD − tS
. (2.27)

As shown in Fig.2.1, the detector of TOF instrument covers a wide angle range and

can measure along all these directions simultaneously. From the velocity and angle of

the scattered neutrons , the energy Ef and momentum Qf of the scattered neutrons
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can be determined. Since the incident beam is a pulse, the effective average flux of

TOF is relatively lower than at in TAS. However, the area detector covers a large area

of the energy and momentum space and this makes the measurement very efficient.

With the advance of the intense pulses neutron beams, TOF technique has been used

in a wide variety of neutron scattering experiments.
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Chapter 3

Neutron inelastic study on the Co doped LiFeAs

111 system

In this chapter, we use neutron scattering to study spin excitations in single crystals

of electron doped LiFe0.88Co0.12, which is located near the boundary of the supercon-

ducting phase of LiFe1−xCoxAs and exhibits non-Fermi-liquid behavior. Combining

our neutron scattering results with density functional theory (DFT) and dynamic

mean field theory (DMFT) calculation, we demonstrated the existence of the orbital

differentiation of spin excitations in LiFeAs system. Our results suggest that the

low energy spin excitations in LiFe0.88Co0.12 follow the doping behavior of the Fer-

mi surfaces of dxy orbital while the high-energy spin excitations arise from dyz and

dxz orbitals. Since the orbital selective spin excitations in LiFeAs family cannot be

described by anisotropic Heisenberg Hamiltonian, We conclude that Hund’s coupling

contributes significantly to the electron correlation in LiFeAs system and multiple

orbitals have to be taken into consideration to describe the magnetic excitations in

LiFeAs 111 material.

3.1 Background Introduction

Of all the iron pnictides, LiFeAs is special. It is structurally simple and exhibits

superconductivity with a relatively high critical temperature Tc = 18K in its sto-

ichiometric form, resulting in a boring phase diagram [Fig.3.1(a)]. LiFeAs shows

neither magenetic order or structural transition as in BaFe2As2. Replacing Fe with
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Figure 3.1 : (a) Phase diagram of Co-doped LiFeAs system. (b) Top view of the FeAs
layer in LiFeAs. Tetragonal and Orthorhombic BZ are highlighted by green and grey
color.

Co results in a monotonic lowering of Tc and neither magnetic or structural orders

have been induced by the electron doping. Based on early angle-resolved photoe-

mission spectroscopy (ARPES) experiments, the absence of the static AF order in

LiFeAs is believed to be caused by the poor nesting condition between the shallow

hole-like Fermi pocket near the Γ (0,0) point and the large electron Fermi surfaces at

the M(1,0)/(0,1) points in the Brillouin zone. These observation have been consid-

ered as the evidence that the mechanism of superconductivity in LiFeAs is due to a

ferromagnetic instability or electron phonon coupling. This is distinguished from all

other iron pnictides where the AF spin fluctuations in the proximity to the AF order

are responsible for the sign-reversed (S±) pairing.

The unique nature of LiFeAs has raised considerable debates on whether mag-

netism is indeed essential for the superconductivity in iron based superconductors.

However, the observation of the strong antiferro-(AF) spin fluctuations [28, 29, 30]

strongly suggests that magnetism still plays a significant role in LiFeAs system.

The normal state of LiFeAs is a Fermi liquid (FL), evidenced by the quadratic T-
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dependence of the low temperature resistivity[31, 32]. The transport and optical prop-

erties measured in doped compounds reveal prominent Fermi-liquid to non-Fermi-

liquid to Fermi-liquid (FL-NFL-FL) crossover. This closely follows the suppression

of the superconductivity with increasing Co concentration. It was suggested that the

NFL behavior in LiFe1−xCoxAs is induced by low energy spin fluctuations and thus

are very likely tuned by Fermi surface nesting. In spite of these empirical observa-

tions, the microscopic mechanism of pairing and the role of magnetism in LiFeAs are

still unclear. To study the relationship between magnetism and superconductivity, it

is critical to establish the doping dependence of spin excitations in LiFeAs material.

Another significant factor is about the electron correlation. In iron pnictides,

the strong electronic correlation comes from the Hund’s rule coupling since they are

intrinsically multi-orbital metallic materials. In most iron pnictides, Fe ions are in

a d6 configuration. The large Hund’s rule coupling favor the configuration with five

same-spin electrons in the eg and t2g orbitals and one remaining opposite-spin electron

fluctuating among all the d orbitals. This extreme case is dominated by Hund’s rule

couping and has a high-spin S = 2 state, which appears to be the outcome of spin-

polarized LDA and LDA+U calcualations. However, the crystal field of the FeAs4
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tetrahedron splits the degenerate five d orbitals into two sets (Fig.3.2). One is called eg

with double degeneracy (dx2−y2 ,dz2) and the other t2g with triple degeneracy (dxz,dyz

and dxy). It is assumed that the low-lying eg orbitals are fully occupied due to the

large cyrstal-field splitting between the eg and t2g orbitals and the two remaining

electron occupy the three t2g orbitals leading to an S = 1 intermediate spin state of

the d6 Fe ions, as a consequence of competition between Hund’s coupling and crystal

field. There is a further small tetragonal splitting ∆ between dxy and dxz/yz orbitals

due to the imperfection of the FeAs tetrahedron. Simply speaking, the low energy

effective Hamiltonian of iron pinctides involves three t2g orbitals.

In the follwing sections, we will discuss the effect of electron doping on the spin

excitations in LiFeAs as well as the evidence of orbital differentiation in spin excita-

tions.

3.2 Nesting Picture and Doping Dependence of Spin excita-

tions in Iron Pnictide

In iron based 122 systems, it is believed that the AFM fluctuation induced by FS

nesting provides the pairing glue for electrons. The concept of nesting in narrow sense

is that when there exist two parts of Fermi surfaces which have the same shape and are

connected by a single vector, the susceptibility of the system diverges at this particular

vector. The resultant Fermi surfaces instability introduces extra translational period

into the system and results in a new phase. It was first proposed to explain the

charge-density-wave (SDW) state in low dimensiaonal electron systems.
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3.2.1 1D Electron Gas

Take a 1-dimensional (1D) electron gas as an example. Its Fermi surface consists of

two points, one at +kF and the other at −kF . The response of the system to an

external perturbation is written as

ϕ(−→r ) =
∫
q

ϕ(−→q )ei
−→q ·−→r d−→q . (3.1)

with in the framwork of linear response theory. The resultant charge density is related

to ϕ(−→r ) via

ρind(−→q ) = χ(−→q )ϕ(−→q ), (3.2)

in which

ρind(−→r ) =
∫
q

ρind(−→q )ei
−→q ·−→r d−→q (3.3)

for d-dimensional system. χ(−→q ) is the so-called Lindhard response function in the

form of

χ(−→q ) =
∫

d
−→
k

(2π)d
fk − fk+q

ϵk − ϵk+q

, (3.4)

where fk = f(ϵk) is the Fermi-dirac function. By assuming a linear dispersion rela-

tionship around the Fermi energy ϵF ,ϵk − ϵF = ~vF (k − kF ), we have

χ(−→q ) = −e2

π~vF
ln|q + 2kF

q − 2kF
| = −e2n(ϵF ) ln|

q + 2kF
k − 2kF

|. (3.5)

From the above equation, it is easily seen that the response function diverges at q =

2kF . The divergence comes from the pairs of electron and hole which are connected by

q = 2kF and located at the Fermi level. As it comes to quasi-1D system [Fig.3.3(c)],

the story stays the same. Such a divergence of the response function due to the
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function for one-, two- and three- dimensional free electron gas at zero temperature.
(c) Fermi surface topology of quasi-1D and 2D electron gas. The arrows indicate the
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special topology of the Fermi surface is called perfect nesting and it has significant

consequences. It suggests that at T=0 the electron gas itself is unstable against to

the formation of a periodically modulated electron charge or spin density. The period

is associated with kF by λ = π
kF
. As the system becomes more isotropic in higher

dimensional system, the Fermi surfaces nesting becomes poor and the divergence at

q = 2kF is removed, as shown in Fig.3.3

3.2.2 Nesting picture in iron pnictides

It is still doubtful to apply FS nesting picture in the explanation of the AFM order

in all iron based material.In FeTe system, there is a bicollinear AFM order with a

vector at (π/2, π/2) distinguished from the (π,0) nesting wave vector[8]. In potassium



29

0

1

K 
(r

.l.
u.

)

-1

1

K 
(r

.l.
u.

)

10
H (r.l.u.)

10
H (r.l.u.)

10
H (r.l.u.)

1
H (r.l.u.)

1-1
H (r.l.u.)

1
H (r.l.u.)

-1-1

Parent compound Electron dopedHole doped

Figure 3.4 : Sketches of the Fermi surfaces in hole-doped(a), parent(b) and electron-
doped(c) compounds. The low energy spin fluctuations originate from the interband
scattering connecting the electron and hole pockets. The scattering vectors are labeled
as purple arrows and the integral over the whole Fermi surfaces results in the outline
of the spin excitations. (d) Longitudinally elongated spin excitations in hole doped
BaFe2As2 122 compound. (e) and (f) Transversally elongated spin excitations in
parent and electron doped 122 compounds.

iron selenide, an exotic antiferromagnetic order and Fe vacancy order are determined

in a
√
5 ×

√
5 unit cell. There are no hole Fermi surfaces in this compound and no

nesting wave vector could explain the magnetic order with a large moment 3.31µB/Fe.

However, the spin-flip scattering with finite energy transfer between electron- and

hole- electronic band is still responsible for the spin fluctuations observed by inelastic

neutron scattering. The perfect Fermi surface nesting is not necessary. This is the

FS nesting picture of spin excitations in broad sense.

In iron pnicides and iron selenides, the common features of the band structure

near by the Fermi energy are the presence of hole bands at the zone center and
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electronic bands at the zone corner. The number and size of the Fermi surfaces

might be different. In pure KFe2As2, although there are small hole pockets around

zone corner instead of electron pockets, AFM spin fluctuations still exist at the wave

vector (π,0) connecting the hole bands at the zone center and electron bands above

the Fermi level at the corners.

Since electronic bands nearby the Fermi energy are critical for spin fluctuations

in iron based material, it is critical to understand the relationship between the spin

fluctuations and Fermi surfaces in these compounds. Different from the cuprate su-

perconductors where the electrons are strongly correlated, iron pnictides are in fact

intermediate correlated electron systems. Charge doping does not prominently af-

fect the band structure so the rigid band model applies. This has been proved by

angle-resolved photoemission spectroscopy measurements[33, 34, 35].Generally, dop-

ing electrons pushes up the Fermi level so the hole pockets shrink and electron pock-

ets expand. Oppositely, extra holes enlarge the hole pockets and reduce the electron

pockets.

Take the extensively studied 122 system as an example. In the early neutron

scattering experiments on low-energy spin waves in SrFe2As2[36], CaFe2As2[37] and

BaFe2As2[38], a spin anisotropic gap was identified. In BaFe2As2, the anisotropy

spin gap isbelow 15 meV. Above that, the spin waves are peaked at Q=(1,0) in

the center of the AF Brillouin Zone and form an ellipse in the 2D [H,K] plane in

BaFe2As2. The outline of the low energy spin excitations relies on the detail of

the Fermi surface and it becomes isotropic in SrFe2As2. As the energy goes up,

these spin excitations split and disperse along [1,K] direction. The band top of the

spin waves were found to be around 220 meV around (1,1) at the zone boundary

by time-of-flight neutron scattering experiments. Systematic measurements on the
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evolution of the low energy spin fluctuations in BaFe2−xNixAs2 have been made by

inelastic neutron scattering. For nearly optimally electron doped BaFe2−xNixAs2

(x=0.096) [39, 40], the spin gap is suppressed and low-energy spin excitations are

dominated by the resonance. In electron overdoped compound (x=0.15 and 0.18),

spin excitations at E=8 ± 1 meV become weaker and more transversely elongated. In

the non-superconducting compound (x=0.3), a large spin gap forms in the low-energy

excitation spectra. The doping of electrons modifies spin excitations at energies below

E= 96 ± 10 meV. However, the high energy spin excitations do not change much.

On the hole doped side of the phase diagram, in optimally doped Ba0.67K0.33Fe2As2,

the low energy spin excitations are longitudinally elongated. It becomes transversely

elongated ellipse at E=50 ± 2 meV. At the neutron spin resonance energy of E=15

± 1 meV, spin excitations change from longitudinally elongated elllipses above Tc

to isotropic circles below Tc in reciprocal space. The high energy spin excitations

above 100 meV behave similarly to those of electron-doped BaFe2−xNixAs2. In pure

KFe2As2, incommensurate spin excitations along the longitudinal direction are seen

at E = 8 ± 3 meV and 13 ± 3 meV. However, spin excitations at 53 ± 8 meV become

much weaker in contrast to the case in electron doped system. We plot the sketches

of the evolution of low energy spin excitations in iron pnictides in Fig. 3.5. Gener-

ally speaking, the doping of holes drives the nearly isotropic or slightly anisotropic

spin excitations to be longitudinally elongated and further split into two incommen-

surate peaks in heavily overdoped compounds while the doping of electrons favors

the transversely elongated spin excitations. It is worth pointing out that the doping

dependence of the spin excitations is only phenomenological description and should

not be considered as a fundamental principle in iron pnictides. The profile of the spin

excitations relies on the mismatch of the electron and hole Fermi surfaces.
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3.2.3 Nesting, Resonance and Superconductivity

As the system enters into superconducting phase, a finite gap is opened at the Fermi

surface. The opening of a band gap strongly affects the bare spin response at the gap

threshold and leads to the appearance of a new collective magnetic mode inside the

superconducting gap. This is called as resonance. In practice, the dramatic enhance-

ment of the spin excitations at particular Q and E occurring at the superconducting

transition temperature is commonly called resonance, not particularly referring to

this mechanism. The investigation of the resonance might give important informa-

tion about the superconducting gap symmetry and help us understand the underlying

pairing mechanism.

Here we briefly discuss the effect of the superconducting gap on the spin suscep-

tibility. We have the bare magnetic response at wave vector Q in the form of

χ(Q, ω) =
∑
k

F (k,Q)
f(Ek+Q) + f(Ek)− 1

ω − (Ek+Q + Ek) + iη
(3.6)

in which

F (k,Q) =
1

4
[1− ϵkϵk+Q +∆k∆k+Q

EkEk+Q

]. (3.7)

Ek = [ϵ2k + ∆2
k]

1
2 is the superconducting quasiparticle energy and F (k,Q) is the

coherence factor. At the gap threshold Ωc = mink∈FS(|∆k| + |∆k+Q|) ≈ 2∆0 for

creation of two quasiparticles out of the condensate, the coherence factor exhibits

different behavior depending on the sign of the gap function. Assuming there is no

sign change at Q and ∆k+Q = ∆k in a s-wave case, F (k,Q) → 0 vanishes, resulting

in a soft onset of the imaginary part of the dynamic susceptibility Imχ0(Q, ω) above

ω ≈ 2∆0 and a smooth behavior of the real part Reχ0(Q, ω) around the threshold.

By contrast, in an unconventional supercondutor with a gap having ∆k+Q = −∆k,
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Imχ0(Q, ω) has a steplike increase above ω ≈ 2∆0 and Reχ0(Q, ω) has a singular

peak around the threshold. In correlated electron system where the dynamic magnetic

susceptibility enhanced at certain wave vector, the spectrum of spin fluctuations is

given in the form of

ImχRPA(q, ω) =
Imχ0(q, ω)

(1− JqReχ0(q, ω))2 + J2
q (Imχ0(q, ω))2

(3.8)

by RPA approximation[41]. In the nodal gap case with the presence of the sign re-

versed gap ∆k+Q = −∆k, the resonance occurs in the vicinity of q ≈ Q. Therefore,

the resonance can be used as a probe to detect the relative sign change between dif-

ferent Fermi surface and this is a strong evidence of unconventional superconducting

pairing.

In iron pnictide,on one hand, the angle-resolved spectroscopy measurements on the

Fermi surfaces provide strong evidences that Fermi surface nesting enhances the su-

perconductivity. In optimal hole doped BaKFe2As2[42], the electron pocket around M

point and inner hole pocket form nearly perfect nesting. The superconducting gaps on

the nested Fermi surfaces are apparently larger than the those which are not involved

in the FS nesting. In optimal electron doped BaFe2−xCoxAs2[43], the FS nesting is

also perfect between electron pockets around the corners and the outer hole pocket at

point. On the other hand, in inelastic neutron scattering experiments on single crys-

tals of electron doped Ba(Fe1−xCox)2As2[40, 44] and BaFe2−xNixAs2 [44, 45] super-

conductors, the resonances were discovered at the in-plane antiferro(AF)- wave vector

QAF = (1, 0). In the hole-doped single crsytals of superconducting Ba0.67K0.33Fe2As2

[46], the resonance forms below Tc and preserves its momentum anisotropy in normal

state while the spin excitations below the resonance become isotropic. According to

the systematic study on a series of K-doped Ba1−xKxFe2As2 (0.5<x<0.84), the spin

resonance dramatically changes its behavior from optimal- to over-doped region. The
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resonance has a strong peak below 2∆S in the optimal-doped compound while dis-

appears in the over-doped region. A spectral weight redistribution was found from

energies below 2∆S to higher energies. These results undoubtedly indicate that the

superconducting gap changes its sign between the hole and electron Fermi pockets and

the pairing symmetry is s±. Furthermore, in electron doped NaFe1−xCoxAs families,

the double peaks of the resonance[47] were discovered in the nearly optimal-doped

region while they evolve into single peak in the over-doped compound[48]. This is

accompanied by the disappearance of the large superconducting gap anisotropy. The

energy of the sharp neutron spin resonance is below the sum of hole and electron

superconducting gap energies (E ≤ ∆h + ∆e), consistent with the s± pairing sym-

metry. However, in the superconducting alkaline iron selenide system[49], there are

no hole Fermi surfaces at all. Neutron spin resonance was observed at the energy of

~ωres = 14meV (~ωres/2∆ ≈ 0.7± 0.1) and at the wave vector Q = (0.5,0.25,0.5). It

was suggested that the resonance is introduced by the scattering between the parts of

electron Fermi pockets which have the opposite signs. This results lead to a d-wave

pairing symmetry. Therefore, in spite of the distinguished phenomenon observed in

different compounds, the iron based superconductors are likely to share the common

underlying pairing mechanism which is closely related to the spin fluctuations.

3.3 Neutron scattering study on the low energy spin excita-

tions in LiFeAs system

In this section, I will present our inelastic neutron scattering study on the LiFeAs

and its electron-doped compound (LiFe1−xCoxAs). Our inelastic neutron scattering

measurements on LiFeAs and LiFe0.88Co0.12As were carried out at the wide Angular-
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Range Chopper Spectrometer (ARCS) and Cold Neutron Chopper Spectrometer (C-

NCS) at Spallation Neutron Source, Oak Ridge National Laboratory. Single crystals

of LiFeAs (3.95-g) and LiFe0.88Co0.12As (7.58-g) are grown using flux method with

7Li isotope. We define the momentum transfer Q in three-dimensional reciprocal

space in Å
−1

as Q = Ha∗ +Kb∗ + Lc∗, where H, K,and L are Miller indices and a∗

= â2π/a,b∗ = b̂2π/b,c∗ = ĉ2π/c with a = b ≈ 5.316Å, and c = 6.306 Å for both

samples. In this notation, the AF Bragg peaks for magnetically ordered compound

NaFeAs should occur at QAF= (±1, 0, L) (L = 0.5, 1.5,...) positions in reciprocal

space. Samples are co-aligned in the [H, 0, L] scattering plane with mosaic less than

3◦ and incident beam (Ei = 20, 35, 80, 250, 450 meV) parallel to the c-axis of the

crystals.

3.3.1 Doping dependence of the low energy spin excitations in LiFeAs

system

We first studied low energy spin excitations in pure LiFeAs (Tc≈ 18 K) and LiFe0.88Co0.12As

(Tc ≈ 4 K).Figure3.5(a) shows 2D image of spin excitations at E = 7 ± 1 meV near

QAF in LiFeAs. Consistent with earlier work [30, 28, 50], the data reveals clearly

transverse incommensurate spin excitations around QAF as shown in the [1, K] cut

of Fig. 3.5(b). This is very similar to the transverse incommensurate excitations

in electron over-doped BaFe2−xNixAs2[51]. It was ever suggested that LiFeAs is in-

trinsically electron over-doped superconductor. If the low energy spin excitations in

LiFeAs system also follow the same trend of doping dependence in BaFe2As2 system,

it is expected that the incommensurability of the spin excitations in Co-doped LiFeAs

should be even larger compared with pure LiFeAs. However, our neutron scattering

experiment shows that the transversely incommensurate excitations becomes com-
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Figure 3.5 : (a,c)Two-dimensional constant-energy images of spin excitations in the
[H, K] plane at E = 7±1 meV and 5 K for LiFeAs and LiFe0.88Co0.12As, respectively.
(b,d) Constant-energy cuts of spin excitations along the [1, K] direction for LiFeAs
and LiFe0.88Co0.12As at E = 7±1 meV, respectively. The solid lines are fits to two
Gaussians for LiFeAs and a single Gaussian for LiFe0.88Co0.12As . The intensity is in
absolute units by normalizing a vanadium standard.

mensurate in LiFe0.88Co0.12As, against this postulation. Fig. 3.5(c)shows identical

image of constant energy (E = 7±1 meV) slice of spin excitations in LiFe0.88Co0.12As.

The constant energy cut along the [1, K] direction reveals that spin excitations are

confined at the commensurate wave vector QAF [Fig.3.5(d)].

I summarized the doping dependence of the low energy spin excitations in LiFeAs

and BaFe2As2 systems in Fig.3.6(a). It is clearly seen that the low energy spin fluctu-

ations in LiFeAs and BaFe2As2 have opposite doping dependence. While it changes

from commensurate in BaFe2As2 to transversely incommensurate in BaFe2−xNixAs2,
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and δ2 are the incommensurability of the spin excitations expected based on AREPS
measurements.(e,f) The transverse incommensurate spin excitations of LiFeAs and
the commensurate spin excitations of LiFe0.88Co0.12As at E=10 meV.

it varies in opposite way in LiFeAs system , from transversely incommensurate to

commensurate. As I mentioned in the previous section, the doping dependence of the

spin excitations in iron pnictides is not a fundamental principle. It is not surprising

the differences in LiFe1−xCoxAs and BaFe2−xNixAs2 can be understood within the

Fermi surface nesting picture and is attributed to the differences of Fermi surfaces.

As shown in Fig.3.6(b), there are a large hole pocket at (π,π) consisting of dxy orbital

and a small hole pocket at (0,0) made of dxz and dyz orbitals. Due to the different
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orbital origin, the large hole pocket is quasi-2D with little variation along kz direction,

while the small hole pocket is 3-D like and confined around kz = π. The incommen-

surate peaks in LiFeAs may arise from nesting of the outer hole or inner hole pockets

to the electron Fermi surfaces, which give slightly different incommensurability δ1

and δ2[50]. As doped Co introduces additional electrons, the large dxy hole pocket

shrinks and results in a better nesting with the electron pocket at (0,1),while the

small dyz/dxz hole pocket sinks below the Fermi level. The observed commensurate

spin excitations are consistent with the nesting between the large hole pocket and

electron pockets, suggesting that low-energy spin excitations are mostly from the dxy

orbital.

This is consistent with the random phase approximation (RPA) calculations [Fig.3.7].

From the orbital dependent bare spin susceptibility in Fig.3.7(b), it is clearly seen

that the main incommensurate peaks observed in neutron scattering experiments are

dominated by the dxy−dxy channel and the intra-orbital scattering channel dyz −dyz

is barely seen. In LiFe0.88Co0.12As, there is a commensurate peak at (1,0) which is

mostly from dxy − dxy channel. The contribution from dyz − dyz channel completely

disappears.

3.3.2 Effect of superconductivity on the spin excitations in LiFeAs series

In Fig.3.8, we studied the effect of the superconductivity on the low energy spin

excitations. Fig.3.8(a) shows the constant-Energy cut along [1,K] direction. At 20K

(> Tc) in normal state, the spin excitations at 3 meV exhibit two incommensurate

peaks. As temperature goes down to 5K (< Tc), these peaks disappear and there is a

spin gap opening suggesting the system is in superconducting state. Above the spin

gap, no resonance has been observed by comparing the difference between 20K and
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Figure 3.7 : LDA+RPA calculation of dynamic spin susceptibility in LiFeAs and
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5K. For LiFe0.88Co0.12As, we plot the constant-E cuts at 10K (> Tc) and 2K(< Tc).

Similarly, there is no resonance in the current experiment. The rod-like feature at

QAF below 10 meV[Fig.3.8(c)] confirms the commensurate nature of spin excitations

in LiFe0.88Co0.12As. Fig.3.8(d) shows the difference of the scattered intensity between

2K and 10K confirming the absence of the spin resonance. Even though it is still

possible that the resonance signal is too weak to be observed in current experiments,

the weak response of the spin excitations to the superconductivity challenges the

feasibility of s± pairing symmetry in LiFeAs system. Alternatively, some other pairing

symmetry such like extended s++ or orbital antiphase s±[52] were proposed.
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Figure 3.8 : Temperature dependence of low energy spin fluctuations in
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LiFe0.88Co0.12As. The commensurate spin excitations form a vertical rod of scatter-
ing centered at QAF =(1,0) point. (d) The temperature difference of the scattering
intensity between 2 and 10K.

It is helpful to look back at the orbital characters of the Fermi surfaces. The

previous ARPES measurements[53] show that the superconducting gap reaches its

maximum on the inner small hole pocket comprised of dxz and dyz orbitals while is

minimal on the outer large dxy pocket. It was further observed in Co-doped compound

that a large and robust SC gap exists on the inner hole band which is located below

the Fermi level. The Fermi surface is not necessary for the formation of Cooper pair.

Considering all these ARPES results on the superconducting gap, it is interesting to
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see that the strong pairing strength is on dxz/dyz orbital while the pairing amplitude

of dxy orbital is relatively small. It is consistent with the RPA result that the con-

tribution of intra-orbital dyz − dys scattering channel reduces with the suppression

of the superconducting transition temperature in Co-doped LiFeAs compound. It

also explains the weak response to Tc of the spin fluctuations observed by inelastic

neutron scattering since it is mainly associated with dxy orbital. Therefore, these re-

sults provide evidences that the superconducting pairing in LiFeAs might be orbital

selective.

3.3.3 Polarized neutron scattering in LiFeAs and LiFe0.88Co0.12As

We carried on polarized neutron scattering experiments on LiFeAs and LiFe0.88Co0.12As

using the IN22 CEA-CRG triple-axis spectrometers at the Institut Laue-Langevin,

Grenoble, France. About 8-g single crystals of LiFeAs and 10-g of LiFe0.88Co0.12As

were used in the experiments. I will use the orthorhombic notation in discussion for

convenience although there is no orthorhombic/AFM transition occurring in LiFeAs

and LiFe0.88Co0.12As. Therefore, the fluctuated moments can be projected into Ma ,

Mb and Mc components.

For LiFeAs, we use [H,K,0] scattering plane to reach the incommensurate (1,±0.12,0)

[(0.44,0.56,0) and (0.56,0.44,0) in tetragonal notation] spin fluctuations [Fig.3.9(a)].

To see if spin anisotropy is present in LiFeAs below and above Tc, we carried out

constant-Q measurements as shown in Fig.3.9(b)and (d). After inspecting the three

spin-flip scattering cross section (σSF
x ,σSF

y ,σSF
z ) carefully, we found there is small dif-

ference between σSF
y and σSF

z below 10 meV at 2K with σSF
x larger than both. The

difference disappears (σSF
y ≈ σSF

z ) at 20K above Tc. Correspondingly, we obtain

the energy dependence of My ≈ Mb and Mz = Mc based on panel(b) and (d) by
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43

using the relationship My ≈ σSF
x − σSF

z and Mz ≈ σSF
x − σSF

y . They are shown in

Fig.3.9(c) and (e). The spin anisotropy between in-plane (Mb) and out-of-plane (Mc)

component exists below 10 meV and is associated with the establishment of supercon-

ductivity. This is similar to BaFe1.9Ni0.1As2[54] where strong anisotropic resonance

was observed. The spin excitations above Tc is isotropic in nature, confirmed by

Fig.3.9(e).

In the polarized neutron scattering experiment on LiFe0.88Co0.12As, we use [H,0,L]

([H,H,L] in tetragonal notation) scattering plane. The main results are plotted in

Fig.3.10. We measured at two different wave vector Q1 = (1, 0, 0)O [(0.5,0.5,0)T ] and

Q2 = (1, 0, 1)O[(0.5,0.5,1)T ]. The schematics of the scattering plane and wave vectors

are shown in Fig.3.10(a) and (b). Fig.3.10(c) and (e) show the three neutron spin-flip

(SF) scattering cross sections (σSF
x ,σSF

y ,σSF
z ). It is clearly seen at Q=(1,0,1) and T=

2K and 10K, σSF
x > σSF

y ≈ σSF
z , exhibiting magnetic nature. The nearly equality of

σSF
y and σSF

z suggests that there is no anisotropy between in-plane and out-of-plane

components. In principle, one can calculate the components Ma,Mb and Mc via

σSF
x =

R

R + 1
(sin2 θMa + cos2 θMc) +

R

R + 1
Mb +B,

σSF
y =

1

R + 1
(sin2 θMa + cos2 θMc) +

R

R + 1
Mb +B,

σSF
z =

R

R + 1
(sin2 θMa + cos2 θMc) +

1

R + 1
Mb +B,

(3.9)

where R is the flipping ratio (R=σNSF
Bragg/σ

SF
Bragg ≈ 13) and B is the background scat-

tering. For Q=(1,0,1), θ is zero, so the equation.3.9 are simplified into

σSF
x =

R

R + 1
Mc +

R

R + 1
Mb +B,

σSF
y =

1

R + 1
Mc +

R

R + 1
Mb +B,

σSF
z =

R

R + 1
Mc +

1

R + 1
Mb +B,

(3.10)
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Then Mb and Mc can be uniquely determined by this single wave vector. In order

to determine the third component Ma, another wave vector Q2 = (1, 0, 1)O is re-

quired. The determined three components of the magnetic response Ma,Mb and Mc

are shown in Fig.3.10(d),(f) and (h). These results confirm that the spin excitations

in LiFe0.88Co0.12As are isotropic in nature.

In electron doped BaFe2−xNixAs2, it is usually believed that the spin anisotropy

observed by polarized neutron scattering is closely related to the AFM order. In

undoped parent compound[30], it was found that the magnetic single-ion anisotropy

induced spin-wave gaps are strongly anisotropic, with the in-plane component of the

spin-wave gap much larger than that of the c-axis component. For optimally electron-

doped BaFe1.9Ni0.1As2[54], polarized neutron scattering experiments indicate that

while the magnetic scattering is essentially isotropic in the normal state, a large spin

anisotropy develops below Tc. Excitations polarized along the c axis have a larger

magnitude than those in plane below the resonance energy. In electron over-doped

superconducting BaFe1.85Ni0.15As2[55], the spin excitations are isotropic for the in-

plane and out-of-plane components in both the normal and superconducting states.

The phenomenon we observed in LiFeAs and LiFe0.88Co0.12As by polarized neutron

scattering is quite similar to the evolution of spin anisotropy in BaFe2As2 with Ni

substitution. The spin anisotropy in LiFeAs suggests that LiFeAs might be in the

proximity to the AFM order and the magnetism in LiFeAs and BaFe2As2 may share

the common foundation.

3.4 Multi-orbital physics in iron based superconductors

Electron correlation is indeed the essential origin of the magnetism and of the super-

conducting pairing in the high-Tc superconductors. The celebrated Hubbard model
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with only local Coulomb repulsion is almost universally considered as the paradig-

matic model to study the physics of strong correlations. In cuprate superconductors,

the simplified single band Hubbard model (Equ.3.11) as below is used to explain the

Mott insulating behavior in parent compounds.

Ĥ =
∑
ijσ

tijd
†
iσdjσ + U

∑
i

ni↑ni↓ (3.11)

However, the parent phase of iron pnictides exhibits poor metallic behavior in con-

ductivity measurements. ARPES experiments and density functional theory (DFT)

calculations demonstrated that there exist several pieces of Fermi surfaces consist-

ing of multiple d-orbitals. It has been emphasized that Hund’s coupling J plays a

major role in determining the degree of correlations in these multi-orbital correlated

materials. The full many-body atomic hamiltonian takes the Kanamori form[56]:

HK = U
∑
m

n̂m↑n̂m↓ + U ′
∑
m̸=m′

n̂m↑n̂m′↓ + (U ′ − J)
∑

m<m′,σ

n̂mσn̂m′σ

−J
∑
m̸=m′

d+m↑dm↓d
+
m′↓dm′↑ + J

∑
m̸=m′

d+m↑d
+
m↓dm′↓dm′↑

(3.12)

where m,m’ are orbital indices. It is rotationally invariant with the condition U ′ =

U−2J . The first three terms in the Hamiltonian above are density-density interaction

associated with different electrons. The first term involves electrons with opposite

spins in the same orbital (U), the second with opposite spins in different oribtals

(U’< U) and the third with parallel spins in different orbitals which is associated

with Hund’s first rule.

In solid state, the Hund’s rule coupling strongly affects the Mott gap and the

critical coupling Uc[57]. If the effective U is above the critical coupling Uc, the

system is in a Mott insulating phase, and if below, a metallic phase. In the case of a

half-filled shell, Uc is strongly reduced as J is increased. In contrast, for other kind
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of filling,Uc increases as J increases. The fact that J enhances Uc and thus makes the

Mott insulating state unfavorable in a non half-filled case might be responsible for

the metallicity in iron pnictide. Because the half-filling is d5 which is far from the

d6 configuration. It was proposed the real parent phase in iron pnictide should be a

Mott insulating phase at d5[58].

Another significant effect of the Hund’s rule coupling is the orbital blocking. As-

sume the Hund’s coupling is very large, only the high-spin states are allowed. In the

d5 case, it comes that the atomic high-spin ground state has a maximum possible spin

and does not allow mixing of the orbitals. This leads to orbital blocking. This effect

suppresses the charge fluctuations between different orbitals, so each orbital behaves

independently and the multi-orbital system becomes effectively a collection of doped

single-band Mott insulators. Consequently, this might induce orbital differentiation

in the spin excitations spectra which can be detected by inelastic neutron scattering.

3.5 Neutron scattering study on the high energy spin exci-

tations in LiFeAs system

3.5.1 Experimental results of high energy spin excitations

Time-of-flight neutron scattering technique was used to study the whole spectrum

of the magnetic excitations in LiFeAs and LiFe0.88Co0.12As. The experiments were

detailed in Section.3.3.Before the data analysis, a background subtraction process is

required to obtain clear features of spin excitations from the raw data.

In Fig.3.11 I briefly introduce how to subtract the background by taking the data

at E=[6,8] meV in LiFe0.88Co0.12As as an example. In order to obtain the background,

I masked the signal area [the white square region in Fig.3.11(b)]. Assuming the back-
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ground in our time-of-flight data is radially symmetric, I integrated the remaining

intensity and fitted it with a polynomial function of |Q| as shown in Fig.3.11(c).

Expanding this fitted polynomial function into [H,K] plane, I got isotropic 2D back-

ground and subtracted it from the raw data. The final result after background is

shown in Fig.3.11(d) and (e).

After careful background subtraction, the two-dimensional images of spin exci-

tations at different energies are shown in Fig.3.12. Below E =25 meV, spin exci-

tations occur at QAF = (1,0) and (0,1) positions similar to spin waves in NaFeAs

[Fig.3.12(a)][59].On increasing energy to E = 67.5 ± 7.5 meV, spin excitations begin

to split vertically from (1,0). However, at energies above E = 100 meV, spin exci-

tations in LiFe0.88Co0.12As form rings of scattering centered around (±1,±1) which

shrink slowly with increasing energy and persist up to E = 200 meV[Fig.3.12(c),(g,(h)

and (i))]. This is significantly different from NaFeAs, where spin waves reach the band

top near 100 meV. The corresponding DMFT calculations on the dynamic spin sus-

ceptibility are plotted in Fig.3.12(d-f),(j-l) as comparison. The agreement between

the experimental results and theoretical calculation suggests that DMFT captures

the essential physics in determining spin excitations in LiFeAs system.

To determine the spin excitation dispersions of LiFe0.88Co0.12As, we made a se-

ries of cuts along the [1,K] direction at different energies (Fig.3.13) and extracted

the dispersion as shown in Fig.3.14(a). Compared with dispersions of spin waves in

NaFeAs [59] and spin excitations in BaFe2−xNixAs2 [60, 61], dispersion in LiFe0.88Co0.12As

has distinctive features around 100 meV. Figure.3.12(b) shows the DMFT calculated

total dynamic spin susceptibility, revealing clearly two components similar to spin

excitations observed from our neutron scattering measurements. Since intra-orbital

scattering dominates the magnetic scattering, we focus on the three intra-orbital s-
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cattering channels in Fig.3.14(c)-(e). The low energy parts around (1,0) correspond

to the inter-band but intra-orbital scattering between the hole and electron Fermi

surfaces for the three t2g orbitals. It is clearly seen that along the [1,K] direction,

spin excitations from the dxy−dxy channel reach zone boundary around E=130 meV,

while excitations associated with dyz orbital extend to energies well above E=200

meV. Along [H,1] direction, it would be the dxz orbital due to the fourfold symmetry.

The similarity between experimental and theoretical results strongly suggest that

the upper and lower branches of the observed spin excitations have different orbital

origins. This can be further confirmed in Fig.3.15 which shows the different orbital

channels of the calculated dynamic susceptibility at 200 meV. The black curve in

Fig.3.15(a) is the 1-D cut of the total susceptibility, similar to Fig.3.13(l). It is clearly

seen that the peaks in the total susceptibility (black curve) mainly come from χyz,yz

intra-orbital component (green curve) while all the others are featureless rendering

a flat ’background’. In Fig.3.15(b) we compare the intra-orbital and inter-orbital

components associated with dyz orbital. It apparently shows that the intra-orbital

χyz,yz component plays a dominant role while the inter-orbitral channels contribute

only a small part to the total spin susceptibility. Combining with the orbital analysis

on the low energy spin dynamics, we conclude that the spin excitations in LiFeAs

system exhibit orbital differentiation and different t2g orbitals dominate at different

energy scales.

In Fig. 3.14(f), we compare the estimated local dynamic spin susceptibility for

LiFe0.88Co0.12As and LiFeAs at T =5 K. The total fluctuating moment of LiFe0.88Co0.12As

is ⟨m2⟩ = 1.5±0.3µ2
B/Fe. This is similar to superconducting LiFeAs [30, 28, 50], but

is somewhat smaller than those of NaFeAs ( ⟨m2⟩ = 3.2µ2
B/Fe) [59] and BaFe2As2 (

⟨m2⟩ = 3.6µ2
B/Fe)[62].
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In iron pnictide such as BaFe2As2, spin wave dispersions can be well described

by an anisotropic Heisenberg Hamiltonian [62]. However, the two branch feature of

the spin excitation dispersion in LiFe0.88Co0.12As cannot be satisfactorily fitted by

this anisotropic Heisenberg model. Our neutron scattering experiments and DMFT

calculations suggest that orbital selective particle-hole excitations may account for

the energy and wave vector dependence of spin excitations in LiFe0.88Co0.12As. This

indicates that the superexchange spin interactions are different for different orbital-

s, a consequence of orbital selective Mott mechanism. This anomalous spin wave

dispersion is also observed in recent study on Co-doped NaFeAs families [19]. In

addition, the chimney-like dispersion was discovered in Ba1−xKxFe2As2 and was at-

tributed to the itinerant character of magnetism by the authors. Alternatively, the

mixture of spin wave and chimney-like dispersions in the spin excitation spectra in

Ba1−xKxFe2As2[63] can be considered as the natural results of orbital differentiation.

These evidences strongly suggest that orbital selectivity is universal in iron pnictide

superconductors and plays important role in determine the spin excitations spectra.
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3.5.2 Discussion on the orbital differentiation in LiFeAs system

It is well known that electronic correlations in iron pnictides rely sensitively on the

Fe pnictogen distance owing to the kinetic frustration mechanism of the Fe 3d elec-

trons, and are strongly enhanced with increasing Fe-pnictogen distance [64, 52, 65].

Together with the large Hunds rule coupling and strong on-site Coulomb repulsion,

the kinetic frustration mechanism gives rise to the strong orbital differentiation of

the electronic correlation strength [57, 64]. Orbital selective electronic correlation

has been found in FeTe1−xSex, where the effective mass of bands dominated by the

dxy orbital character decreases with increasing selenium as compared to the dxz/dyz

bands[66]. In the case of LiFeAs, charge transfer from the dxy to dxz/dyz orbitals

can account for the Fermi surface topology of LiFeAs as the consequence of orbital

dependent band renormalization[67].

As shown in Fig.3.16, the increased pnictogen height in LiFeAs compared with

NaFeAs narrows the electronic bandwidth of the dxy orbital but barely affects the

dxz/yz bands. The strong Coulomb repulsion pushes electrons from the dxy to the

dxz/dyz bands and drives dxy orbital to half-filled. This makes dxy band even more

correlated, while dxz/yz remains itinerant. The observed Co-doping dependence of

low-energy spin excitations is related to the dxy-dxy intra-orbital scattering between

the hole and electron Fermi surfaces. On one hand,the strong correlation of dxy

results in a narrow electronic bandwidth and thus a small effective exchange coupling

according to J ∼ t2/U . On the other hand, the dxz/yz band is less correlated and its

magnetism is more itinerant, rendering a steep dispersion at the high energy region.
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Chapter 4

Spin excitation anisotropy in the paramagnetic

tetragonal phase of BaFe2As2

In this chapter, polarized neutron scattering study on the temperature dependence of

the spin excitation anisotropy in BaFe2As2 is presented. BaFe2As2 has a tetragonal-to-

orthorhombic structural distortion at TS and antiferromagnetic (AF) phase transition

at TN with ordered moments along the orthorhombic a axis below TS ≈ TN ≈ 136K.

The spin excitations are isotropic in spin space with Ma = Mb = Mc in the paramag-

netic tetragonal phase at the temperature far above TS/TN . On approaching to the

transition temperature, significant spin excitations anisotropy with Ma > Mb ≈ Mc

develops below 3meV. A divergent behavior occurs in Ma at the transition temper-

ature. The spin excitation anisotropy is a direct probe of spin-orbit coupling and

study on its doping dependence unveils its connection to superconductivity in iron

pnictides.

4.1 Spin anisotropy induced by spin-orbit coupling

The spin-orbit coupling has two important effects in solids. First, it restores the

orbital angular momentum quenched by the crystal fields to some extent. Second, by

tying the spin to the orbital motion, it provides a mechanism with which the spin can

feel the orientation of the axes of the surrounding lattice. This is one general origin

of the magnetic anisotropy.
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For ions with spin S > 1/2, the general form of the spin Hamiltonian is

H = E (0) + µBS · g ·H− λ2S · Λ · S− µ2
BH · Λ ·H (4.1)

in which g-factor is a tensor and Λ is simply related to g by gij = 2(δij − λΛij). The

third term is the anisotropy term. Assuming all Λij = 0 with the exception of Λzz,

the anisotropy term is written as

Hanis = −Λzz(S
z)2. (4.2)

Consider a spin model

H′ = J
∑
i,j

Sz
i S

z
j +

Jα

2

∑
i,j

(S+
i S

−
j + S−

i S
+
j )− Λzz

∑
i

(Sz
i )

2 (4.3)

with α ≤ 1 and Λzz ≥ 0. The spins prefer to be along the z-axis due to this single-ion

anisotropy. In the limit α → 0, the Ising model can be obtained. The spin wave

solution of this anisotropic Heisenberg model acquires a gap at k = 0 in the form of

∆ = JzS
√
(1 + ρ)2 − α2γ2

k in which ρ = 2Λzz/Jz. Using effective magnetic fields to

characterizing the energies and assuming α = 1, the spin gap in antiferromagnets can

be written as

∆ ≈ gµB

√
2HeHa (4.4)

in which He = zJS/gµB is the exchange field and Ha = 2ΛzzS/gµB is the anisotropy

field. The square root of He and Ha suggests that the anisotropy has a drastic effect

on the gap and thus affects the spin anisotropy of the low energy excitations in

antiferromagnets.

4.2 Polarized neutron scattering study on BaFe2As2

Polarized neutron scattering is a powerful probe to detect the spin anisotropy. In

previous work on electron-doped BaFe2−xTMxAs2 [54, 68, 61, 69] and hole-doped
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Ba1−xKxFe2As2 iron pnictides [70, 71, 72], there are clear evidences for spin excitation

anisotropy in the paramagnetic tetragonal phase with Ma ≈ Mc > Mb, where Ma,Mb

and Mc are spin excitations polarized along the a-, b-, and c-axis directions of the AF

orthorhombic lattice, respectively, at temperatures well above TN and TS. Although

low-energy spin waves in the parent compound BaFe2As2 are also anisotropic in the

orthorhombic AF ordered state with Mc > Mb > Ma[30, 73], they change from

isotropic to anisotropic on cooling below TN . However, the energy scale of isotropic

paramagnetic scattering at E = 10 meV in BaFe2As2 is considerably larger than that

of the anisotropic paramagnetic spin excitation in doped superconductors (E < 6

meV).Since the SOC-induced spin space anisotropy is present in the paramagnetic

tetragonal phase of doped iron pnictide superconductors , it is also expected to be

present in undoped BaFe2As2. It is possible that paramagnetic spin excitations in

BaFe2As2 are also anisotropic, but with an energy scale smaller than E = 10 meV.

4.2.1 Experimental detail

Our polarized neutron scattering experiments were carried out using the IN22 CEA-

CRG triple-axis spectrometers at the Institut Laue-Langevin, Grenoble, France. Po-

larized neutrons were produced using a focusing Heusler monochromator and analyzed

with a focusing Heusler analyzer with a final wave vector of kf = 2.662Å
−1
. About

12-g single crystals of BaFe2As2 are used in the present experiment. The orthorhom-

bic lattice parameters of the AF unit cell are a ≈ b ≈ 5.549Å and c = 12.622 Å.

The wave vector transfer Q in three-dimensional reciprocal space in Å
−1

is defined as

Q = Ha∗+Kb∗+Lc∗, with a∗ = 2π
a

ˆmathbfa,b∗ = 2π
b

ˆmathbfb and c∗ = 2π
c

ˆmathbfc,

where H,K.L are Miller indices. The samples were co-aligned in the [H,0,L] scattering

plane. In this notation, the AF Bragg peaks occur at [1,0,L] with L = 1, 3, . . ., while
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Figure 4.1 : (a) The positions of reciprocal space probed in the present experiment.
Magnetic fluctuations polarized along the a,b and c directions are marked as Ma,Mb

andMc, respectively. (c) Schematic of the [H,0,L] scattering plane, where wave vectors
Q0,Q1 and Q2 are probed. x,y and z represent the neutron polarization directions
and the angle between x and H axis is denoted as θ.

the AF zone boundaries along the c axis occur at L = 0, 2, . . .. Ma, Mb and Mc

represent the magnetic responses at at a particular Q along the orthorhombic a-, b-,

and c-axis directions. The neutron polarization directions x, y, and z are defined as

along Q, perpendicular to Q but in the scattering plane, and perpendicular to both

Q and the scattering plane, respectively. The scattering plane and the definition of

all these directions are shown in Fig.4.1.

I use the Equ.3.9 to calculate the components Ma,Mb and Mc from the measured

neutron spin-flip (SF) scattering cross sections σSF
x ,σSF

y , and σSF
z . By measuring

σSF
x,y,z at two equivalent AF zone center wave vectors QAF = Q1 = (1, 0, 1) and Q2

= (1, 0, 3), one can determine all three components of the magnetic response Ma,Mb
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and Mc. For the zone boundary position at Q0 = (1,0,0) with θ=0, only Mb and Mc

can be determined at this position. The flipping ratio in current experiment is R =

σNSF
Bragg/σ

SF
Bragg ≈ 13.

4.2.2 Experimental results

In Fig.4.2 I plot energy scans at the AF wave vectors Q1 = (1, 0, 1) and Q2 = (1,

0, 3) at temperatures below and above TN . Assume there is negligible background

scattering and the flipping ratio R→ ∞ in an isotropic paramagnet, we would expect

σSF
x /2 ≈ σSF

z ≈ σSF
y . In Fig.4.2(a) at 135K, the magnetic scattering shows strong

anisotropy with σSF
z > σSF

y at Q1 = (1,0,1), while at Q2 = (1,0,3), it is clear that

σSF
z ≈ σSF

y . Since Q1 and Q2 are equivalent positions, the difference between these

two positions has to be related to the angle-dependent term in Equ.3.9. As the

temperature goes up to T=138K (T > TN/TS) in the paramagnetic tetragonal state,

spin excitations at Q2 = (1,0,3) are clearly anisotropic below E ≈ 6 meV in Fig.4.2(d)

but remain isotropic at Q1, with the angle-dependence opposite to that at T =135K.

The cos2 θ and sin2 θ terms are responsible for the angle dependence. At higher

temperature T=160 K, spin excitations at Q1 and Q2 become completely isotropic

at all energies in the current measurement, satisfying the condition (σSF
x − B)/2 ≈

(σSF
y − B) ≈ (σSF

z − B). Meanwhile, at the zone boundary QZB = (1,0,0) and E=2

meV, the spin excitations are isotropic at all temperatures above TN .

By measuring spin-flip cross sections σSF
x,y,z at these two wave vectors, the three

magnetic components Ma,Mb and Mc are completely determined. The energy de-

pendence is shown in Fig.4.3. In the AF ordered state at T = 135 K (≈ TN -1 K),

the spin anisotropy below 10 meV is clearly found with the dominant Mc component

(Mc > Mb > Ma ). This is consistent with the previous results at 10K[30, 73].As
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and 160K.(d) The magnetic compounds at zone boundary (ZB) at 138K.

comparison, the Ma component of the spin waves is completely gapped out below 10

meV at 2 K. As the temperature goes up to T=138K (T > TN/TS) in the param-

agnetic tetragonal state, spin excitations at QAF are anisotropic below E = 5 meV

but with Ma > Mb ≈ Mc. By contrast, spin excitations at the AF zone boundary

(ZB) QZB = (1,0,0) are isotropic for energies above E=2 emV [Fig.4.3(d)]. At higher

temperature T=160 K, spin excitations becomes completely isotropic at all energies

(8≥E≥2 meV) shown in Fig.4.3(c).

According to the previous unpolarized neutron scattering experiments on BaFe2As2

[74], two-dimensional (2D) magnetic critical scattering has been observed at tem-

peratures far above TN . Upon cooling, the longitudinal component of the critical
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scattering above TN (Ma) is expected to increase with decreasing temperature and

condenses into the 3D AF Bragg positions to form long range AFM order. Mean-

while,the transverse components of spin excitations (Mb and Mc) are the spin wave

contributions not expected to diverge at TN .

Since the spin anisotropy exhibits different behavior at different temperatures, we

study the temperature dependence of σSF
x,y,z in Fig.4.4(a)-(d). Typical energies E=2

meV and 8 meV are chosen and both wave vectors Q1 = (1,0,1) and Q2 = (1,0,3) were

measured at in order to estimate Ma,b,c. At first glance, σSF
x,y,z at these energies and

wave vectors have the same temperature dependence and increase in intensity as the

temperature goes down. However, a small difference between σSF
z and σSF

y develops at

E=2 meV and Q2 = (1,0,3) near the magnetic transition temperature TN [Fig.4.4(c)].

To make it clear , we estimate Ma,Mb and Mc in Fig.4.4(e) and (f). It is clearly seen

that the difference between σSF
z and σSF

y is attributed to the diverging longitudinal

spin excitations Ma at E = 2 emV, exhibiting strong critical fluctuations. Meanwhile,

the transverse spin excitations show no critical scattering around TN . Below TN ,

all three polarizations are suppressed due to the gap opening. At E = 8 meV, there

is no critical scattering and the paramagnetic scattering exhibits isotropic behavior

(Ma ≈ Mb ≈ Mc) down to TN before becoming anistropic (Ma > Mb > Mc) in the

AF ordered state. The anisotropy here can be attributed to the different gap size

for each polarization. At the zone boundary, the spin anisotropy is absent and the

temperature dependence of the spin exciations at E = 2meV indicates an isotropic

behavior at all measuerd temperatures.
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(1,0,3).(e)and (f) Temperature dependence of the components Ma,Mb and Mc at E
= 2 meV and 8 meV.(g) THe three SF scattering channels at Q0 = (1,0,0) and E =
2meV. (h) Corresponding temperature dependence of Ma and Mc.
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4.2.3 Discussions on the observed spin anisotropy

The diverging Ma near TN in BaFe2As2 may arise from the longitudinally polarized

spin excitation in the critical scattering regime of a Heisenberg antiferromagnet with

Ising spin anisotropy. On approaching TN ,the longitudinal component of the magnetic

critical scattering condensate into the AF Bragg peak with moments aligned along

a-axis. This means that the effect of critical scattering in BaFe2As2 can force the

fluctuating moment along the longitudinal (a-axis) direction in the paramagnetic

critical regime without the need for orthorhombic lattice distortion and associated

ferro-orbital (nematic) order. However, we note that temperature dependences of spin

excitation anisotropy in the paramagnetic state of NaFeAs[75] and BaFe1.904Ni0.096As2

[61] behave differently. In NaFeAs where exist a collinear AF order at TS = 45K

and an orthorhombic-to-tetragonal lattice distortion at TS ≈ 58K, the polarized

neutron scattering experiments found at T < TS, Ma ≈ Mc is larger than Mb in the

paramagnetic orthorhombic phase. The in-plane spin anisotropyMa−Mb enhances on

approaching TN from above.Above TS, the evidence of the possible spin anisotropy

is insufficient. One key difference between BaFe2As2 and NaFeAs is the separated

structural and magnetic phase transition temperatures. Therefore, it might suggest

that the Mc and Mb anisotropy is induced by the orthorhombic lattice distortion

which also lifts the degeneracy of Fe dxz and dyz orbitals and results in the orbital

splitting nearby the Fermi level. It is also consistent with the observation that Mc has

the lowest energy in spin waves in the AF ordered BaFe2As2 and NaFeAs, suggesting

the existence of hard axis and it costs less energy for the a-axis ordered moment to

rotate out of the plane than to rotate within the plane.

In the electron-doped BaFe1.904Ni0.096As2 superconductor with Tc = 19.8K and

TS/TN = 33K, spin anisotropy at E = 3 meV first appears below 70K withMa ≈ Mc >
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Mb. There is no anomaly across TS/TN until Tc below which it changes dramatically.

In the hole-doped Ba0.67K0.33Fe2As2 with Tc = 38K, there is no structral/magnetic

transition. But the spin excitaition anisotropy appears at E = 3 meV below ∼ 100K

with Ma ≈ Mc > Mb. Similar to those in NaFeAs, these results suggest that the

ferro-orbital order or fluctuations in electron- and hole-doped BaFe2As2 occurs far

above TS in the paramagnetic tetragonal state. Because SOC is a single ion effect

which is not expected to change dramatically as a function of doping, the weak

anisotropy between Mc and Mb in the tetragonal phase of BaFe2As2 is difficult to

understand. It is possible that the coupled structural and magnetic phase transitions

in BaFe2As2 suppress the role of the SOC induced ferro-orbital fluctuations above

TS. In hole-doped Ba1−xK−xFe2As2 with coupled TS and TN , a double-Q tetragonal

magnetic structure with c-axis aligned ordered moments was discovered recently[76,

77, 78]. When the structural and magnetic ordering temperatures are reduced by

charge carrier doping, the SOC induced ferro-orbital fluctuations start to appear at

temperatures above TS. According to this picture, the spin anisotropy existing in

the parent compounds below Ts develops into the superconducting compounds. Its

dramatic change across Tc in doped compounds suggests that there is a direct coupling

between the SOC and superconductivity.
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Chapter 5

Dynamic spin-lattice coupling and nematic

fluctuations in NaFeAs

Nematic phase occurs in liquid crystals consisting of cylinder- or rod- like molecules.

In the nematic phase, the molecules are free to flow and their center of mass position-

s are randomly distributed as in a liquid while their long-range directional order is

maintained. The nematic phase breaks rotational isotropy but not translational in-

variance. This concept is soon extended to the electronic phase in solid which breaks

the discreet rotation symmetry but not the translational symmetry of the underlying

lattice. This electronic phase exists in the normal state of the iron based supercon-

ductors and results in various exotic properties. The investigation of the nematic

phase is the first step to unveil the nature of the high-Tc superconducting phase in

iron based material.

5.1 Nematic phase in iron pnictides

In iron pnictides, at a certain temperature Tnem, the system spontaneously breaks

the symmetry between the x and y directions in the Fe-plane, reducing the rotation-

al point group symmetry of the lattice from tetragonal to orthorhombic, while the

time-reversal symmetry is maintained. By analogy,the orthorhombic state without

AF order in Fe-based superconductors is defined as nematic state. At first glance,

one might consider this tetragonal-to-orthorhombic transition as a regular structural

transition driven by lattice vibrations. The necessity of defining ’nematic state’ in
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iron pnictides is based on both theoretical and experimental results. On one hand,

some theoretical work[79, 80, 81] suggests that the tetragonal-to-orthorhombic tran-

sition may be driven by electronic rather than lattice degrees of freedom. The studies

on Heisenberg model found as the system goes from a high-temperature symmetry

phase into a low-temperature spin ordered phase, an intermediate ’nematic’ phase

occurs in between and this is in common with the successive structural and magnetic

transitions in iron pnictides. In this picture, the structural transition can be identi-

fied with the existence of incipient (’fluctuating’) magnetic order. On the other hand,

besides the coincidence of the magnetic and structural transition temperature, there

are a lot of experiments suggesting that the anisotropies[11, 12, 14, 15, 16, 17] in

electronic properties are much larger than the anisotropy of the lattice parameters.

The transport [82, 83], angle resolved photoemission spectroscopy [14, 15], scanning

tunneling microscopy [84, 85] and neutron scattering experiments [16, 86, 87] pro-

vided ample evidences for the presence of an electronic nematic phase between TN

and TS. Enhanced spin excitation intensity and correlation length observed in the

paramagnetic phase of iron pinctides by neutron scattering strongly supports the

”spin driven” picture. While the pronounced energy splitting between dxz and dyz

bands seen in ARPES measurement may be responsible for the orthorhombic lattice

distortion and lead to the electronic nematicity in the ’orbital driven’ picture.

5.1.1 Microscopic models for electronic nematicity

This idea of the spin nematic phase[88, 89] is simple and can be understood qual-

itatively with the symmetry breaking arguments as shown in Fig.5.1. In the high

temperature disordered phase (I), the system is isotropic: the spins maintain O(3)

rotational symmetry and 4-fold symmetry of the underlying lattice. However, the
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Figure 5.1 : The phase I represents the disordered phase at high temperature above
TS. Phase III is the AF ordered state breaking O(3)× Z2 symmetry. The O(3)
symmetry refers to rotations in spin space while the Z2 (Ising) symmetry refers to the
two degenerate magnetic stripe state, one atQ1 = (π,0) with parallel spins along the y
axis and the other atQ2 = (0,π) with parallel spins along the x axis. Alternatively, the
stripe magnetic order can be considered as a combination of two Neel type sublattices
(blue and pink squares). The staggered moments on the sublattice can be correlated in
two ways, with staggered moments parallel (purple bond) along x or y axis. Between
the high-T and low-T phases, an intermediate phase II can be realized with only Z2

symmetry broken. In this state, the spins are fluctuating but the fluctuated moments
on the two sublattices are coupled. The system is still in paramagnetic state.

magnetic ordered phase (III), as shown in Figure.5.1, with collinear AF structure,

has two degenerate states with wave vectors either at (π,0) or (0,π). Therefore, in or-

der to form the magnetic order, the system has to choose one of these two degenerate

states, breaking a Z2 (Ising-like) symmetry. Consequently, from the high temperature

disordered phase to the low temperature spin ordered phase, the symmetry can be

broken in two steps. In the first step, only the Z2 symmetry is broken while the

system is still paramagnetic (indicated by the yellow circle under the spins).The spin

correlation breaks the 4-fold symmetry down to 2-fold, with nearest neighboring spins



71

parallel along either x or y axis (green and purple bonds). In the second step, the

O(3) symmetry is broken and a long range magnetic order forms. In antiferromagnet,

breaking O(3) symmetry is equivalent to break the translational symmetry because

the unit cell has to be doubled. This is the origin of the name electronic ’nematic’

phase.

The stripe magnetic order structure in Figure.5.1 can be seen as two inter-penetrating

Neel type sublattices (blue and peak squares) with order paramters M1 and M2. In

terms of these quantities, the nematic order is characterized by ⟨M1 ·M2⟩ ̸= 0 while

⟨Mi⟩ = 0. Correspondingly, it satisfies ⟨Mi⟩ = ⟨M1 · M2⟩ = 0 in the paramgentic

tetragonal state and ⟨Mi⟩ ̸= 0 , ⟨M1 ·M2⟩ ̸= 0 in the stripe magnetic order.

Alternatively, considering M(π,0) and M(0,π) as the order parameters of the two

degenerated states (Fig.5.1),we could use φ ∝ M2
(π,0)−M2

(0,π) as the order parameter

of the nematic phase. ⟨φ⟩ ̸= 0 implies that the fluctuations around (π, 0) on average

are different from the fluctuations around (0, π). This means the x and y directions

are inequivalent and the tetragonal symmetry is broken. Because ⟨M2
(π,0)⟩ ̸= ⟨M2

(0,π)⟩

does not require ⟨MQ⟩ =0 in which Q = (π,0) or (0,π), the nematic state is not

necessary magnetically ordered.

5.1.2 Driving force of the nematic phase

There are mainly three different degrees of freedom responsible for the nematic phase:

• Structural distortion. In the orthorhombic phase, the in-plane lattice constant

a and b becomes different. Usually we define εS ≡ (a − b)/(a + b) to describe

the orthorhombic distortion. Consider a model with free energy

Fel =

∫
x

Cs

2
ε2s − λel

∫
x

εs(M
2
(π,0) −M2

(0,π)) (5.1)
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in which Cs is the shear modulus and λel is the magneto-elastic coupling. εs ∝

⟨M2
(π,0)⟩−⟨M2

(0,π)⟩ is given after minimization of this equation. It means that the

orthorhombic distortion can be used as the order parameter of the nematic phase

with the in-plane fourfold symmetry broken. Accompanied with the structural

transition, there is usually a softening of the phonon which is related to the

lattice distortion.

• Charge/orbital order. The orbital order in iron pnictide is associated with the

different occupations nxz and nyz of the dxz and dyz orbitals. It has been demon-

strated in the multi-orbital Hubbard model [90], the ferro-orbital susceptibility

is enhanced in the presence of spin fluctuations. There are other models propos-

ing that a spontaneous ferro-orbital order is responsible for the nematic phase

without magnetic degrees of freedom. The experimental support for the orbital

order comes from the ARPES results[14, 15] where the band splitting between

the dxz and dyz orbital is clearly observed with the dxz band sinking below the

Fermi level.

• Spin order. As it is mentioned earlier, the spin fluctuations become different

along a and b axis prior to the magnetic long range order. The appearance of

the nematic order is closely associated with ⟨M2
(π,0) −M2

(0,π)⟩ ̸= 0.

In fact, all these three degrees of freedom are strongly coupled together and their

order parameters are non-zero in the nematic phase. This makes it hard to determine

which is the driving force of the nematic phase in iron pnictides. So far a consensus

seems to be achieved that the lattice distortion instability is not sufficient to induce the

large anisotropic behavior in charge and spin channels [61, 14, 11, 16]. But whether

spin or orbital is the driving force is still controversial. DFT calculations on iron
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pnictides [91, 92] show a remarkable sensitivity of superconductivity and magnetism

to the lattice, especially the iron pnictogen height. It suggests that strong dynamic

spin-lattice coupling exists in this system. Further measurements and calculations on

the phonon dispersions in CaFe2As2 and BaFe2As2 suggest that in order to obtain

the correct phonon frequencies, magnetism has to be considered in the calculation.

In iron pnictides, phonons are strongly coupled to spin fluctuations instead of the

static AF order [93, 94]. Furthermore, it was found by inelastic x-ray and neutron

scattering measurements that phonon softening occurs in BaFe2As2 and SrFe2As2

above the structural and magnetic transition temperature TS ≈ TN . The softening

is recovered below TN/TS followed by a dramatic hardening [95, 96]. In the electron

doped Ba(Fe1−xCox)2As2 with Tc < TN < TS, phonon hardening stops at TC followed

by another softening below that temperature. On the other hand, there is a strong

feedback effect of the structural transition and nematic order on the low-energy spin

fluctuations. It has been confirmed that there is sharp enhancement in the spin-

spin correlation length below TS in LaFeAsO and Ba(Fe1−xCox)2As2 [86] observed by

inelastic neutron scattering experiments. These results suggest a close relationship

between the dynamic lattice vibration and the low energy spin fluctuations. However,

the measurements were performed on different samples in different groups. It is

not sufficient to establish a direct connection between the lattice vibration and spin

fluctuations based on current results.

5.2 Microscopic theory of spin-phonon coupling

Spin waves (excitations) and phonons are two fundamental quasiparticles in a solid de-

scribing propagating disturbance of the ordered magnetic moments and lattice vibra-

tions, respectively. They are the natural consequences of the linearized theories when
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one ignores all the higher-order terms. Interactions between these quasi-particles

are usually neglected. However, in strongly correlated material, this condition is not

always satisfied and the dispersion relationship of these quasiparticles has to be renor-

malized. Within interactions, both the real and imaginary part of their self energy

are affected and consequently the massless quasi-particles obtain effective mass and

have finite life time (damping).

Although it is believed that the nematic phase in iron pnictides has an electron-

ic origin, a finite coupling between quasi-particles and lattice has to be involved to

induce the orthorhombic distortion. For instance, in the charge density wave (CD-

W) state[97] which is driven by the electronic instability at the Fermi surface, a

re-normalization of the acoustic phonon dispersion is expected at q = 2kF when the

electron-phonon coupling is involved. Therefore, a full understanding of the mech-

anism of spin phonon coupling might be helpful to unveil the underlying physics of

various nematic phenomenon in iron pnictides.

5.2.1 Hamiltonian of spin-phonon coupling

The microscopic theory of spin-phonon coupling (or spin-lattice or magnon-phonon

coupling) have been studied back in 1960s by Sinha and Upadhyaya and in 1970s by

M.G. Cottam [98, 99] independently. In the former case, spin-phonon coupling arise

from the mixing of excited and ground state of atomic orbitals due to crystal-field

oscillations. In the later, it is assumed that the lattice vibrations tune the exchange

interaction by changing the interatomic distances. Considering spin-phonon coupling,

a uniaxial Heisenberg antiferromagnet may be written as

H = HS +HP +HSP (5.2)



75

in which HS is the spin Hamiltonian for antiferromagnet in the form of

HS =
∑
r,r′

J(r− r′)(Sr · Sr′ + cSz
rS

z
r′) +HA(

∑
r

Sz
r −

∑
r′

Sz
r′). (5.3)

The label r and r’ are the site indices on the two sublattice (spin up and down) of

the antiferromagnet, respectively. J(r-r’) is the exchange coupling between r and r’

and HA is an effective anisotropy field. The anisotropy term is not necessary for

spin-phonon coupling. HP is the lattice Hamiltonian (phonons) which has the form

of second quantization:

HP =
∑
q,λ

Ωq,λ(b
+
qλbqλ +

1

2
) (5.4)

in which b+qλ is the creation operator of a phonon. The label q is the wave vector and

λ is the phonon branch. The phonon energy is written as Ωqλ. The last term HSP is

responsible for the spin-phonon coupling and its lowest order gives

HSP =
∑
r,r′

[(ur − ur′) · ∇rJ(r− r′)](Sr · Sr′ + cSz
rS

z
r′). (5.5)

where ur is the atomic displacement. A simplified version of HSP can be ultimately

written as

HSP =
∑

r,r′,q,λ

A(r, r′,qλ)ϕqλ(Sr · Sr′ + cSz
rS

z
r′) (5.6)

by using the relationship

ur =
∑
q,λ

(2ρΩqλ)
−1/2e(qλ)ϕqλ exp(−iq · r) (5.7)

A(r, r′,qλ) = (2ρΩqλ)
−1/2[exp(−iq · r)− exp(−iq · r′)]e(qλ) · ∇rJ(r− r′). (5.8)

With the perturbation expansion using a diagrammatic representation, the interac-

tion associated with the spin-phonon coupling are represented in Fig.5.2. The solid
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Figure 5.2 : The diagrammatic representation of the spin-phonon vertices.The solid
lines, dashed lines and wavy lines are the zeroth-order approximation of the trans-
verse, longitudinal spin and phonon Green functions, respectively.

lines, dashed lines and wavy lines are the zeroth-order approximation of the trans-

verse, longitudinal spin and phonon Green functions, respectively. Following the

formalism in the reference[98], it was found both the phonon and spin wave spectra

are affected and the renormalized energy and damping can be derived. The results

depend on the original dispersion of phonons and magnons. At low temperature, the

assumed spin-phonon interaction describes the scattering of a spin wave accompanied

by the emission or absorption of a phonon. Such a two-magnon-one-phonon scatter-

ing process[Fig.5.2] can involve either the positive or the negative spin-wave branches

for a two-sublattice antiferromagnet.
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Figure 5.3 : The enlarged unit cell with the length of due to the distortion induced
by the acoustic phonon. The solid circles represent spin down and op en ones spin
up.

5.2.2 Toy model of spin-phonon coupling in 1D spin chain

In this section, we build a toy model to simulate the spin phonon coupling in 1D spin

chain. The Hamiltonian of this model is

H = Hs +Hp +Hsp (5.9)

Hs = J0

∑
i

Si · Si+1 (5.10)

Hp =
∑
i

{ P
2
i

2m
+

1

2
mω2

0[(ui − ui−1)
2 + (ui − ui+1)

2]} (5.11)

Hsp =
∑
i

(ui − ui+1∇J(ui − ui+1)Si · Si+1). (5.12)

We assume the atomic distortion is induced by acoustic phonon, so the primitive

unit cell is enlarged and has a length of λ which is half the wavelength of the phonon as

shown in Fig.5.3. We have the Hamiltonian associated with the spinsH ′ = Hs+Hsp =∑
i JiSiSi+1 and get the equations of motion of the spins as following:

d(S)i
dt

= JiSi × Si+1 + Ji−1Si × Si−1 (5.13)

By assuming the gradient of the exchange coupling is constant, i.e., ∇J = α, we solve

the equation of motion and get the spin wave dispersion as shown in Fig.5.2.2. u0 is

the amplitude of one particular phonon mode.
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Figure 5.4 : The dispersion of the spin wave with u0 = 0 and u0 ̸= 0 . In the case
u0 ̸= 0, there are gaps showing up at the crossing positions.

Similarly, we have the Hamiltonian of the phonon system H ′′ = Hp + Hsp and

with canonical equation of motion, we get

d2ui

dt2
=

1

m

∂Pi

∂t
= ω2

0[(ui−1 − ui) + (ui+1 − ui)] +
α

m
(Si · Si+1 − Si · Si−1). (5.14)

in which i = 1,2,...,λ,represent the i-th atom in the n-th unit cell. The final results

of our calculations on the phonon softening are shown in Fig. 5.2.2.
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Figure 5.5 : Left,The q-dependence of the phonon softening induced by the magnon-
phonon coupling at different temperatures. The phonon softening is defined as
∆E/~ = ωq(0) − ωq(new). Right, the phonon dispersion at different temperatures.
The deviation from linear dispersion can be observed clearly.

Clearly, there is prominent phonon softening occurring in certain small q region
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near the zone center. The softening effect reduces to zero when approaching to zone

boundaries. This phonon softening is closely related the the LA phonon in 1D spin

chain since it is directly tune the exchange coupling. There is no observable energy

shift on the transverse phonon dispersion. The comparison of the phonon energy

softening on LA and TA phonons is shown in Fig.5.2.2. The results in Fig.5.2.2

support that the phonon softening of LA phonon induced by the spin-lattice coupling

is confined at the small q regime and is a long wave length behavior.
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Figure 5.6 : The softening of the longitudinal phonon which directly tunes the spin
exchange coupling via ∇uJ and the transverse one which has little effect. The soft-
ening of the transverse phonon is negligible compared with that of the longitudinal
phonon.

Therefore, our toy model of 1D spin chain successfully demonstrated that the spin-

lattice coupling affects both the dispersion of spin waves and phonons. Especially, the

phonon softening is dramatic on one perticular phonon mode which modulates the

spin exchange coupling. This phonon softening occurs at small q region exhibiting a

long wave length behavior.
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5.3 Neutron scattering study on the phonon spectrum in

NaFeAs

5.3.1 Structural transition in NaFeAs

NaFeAs is a parent compound of iron pnictide superconductor and exhibits a tetragonal-

to-orthorhombic structural transition at TS ≈ 58 K follwed by a collinear AF order

at TN ≈ 45K. The nematic phase exists in the temperature window between TN and

TS. The large separation between the TS and TN provides a unique opportunity to

study the nematic phase without dopants. It is once proposed that the nematic phase

might play an important role in high temperature superconductivity [100, 101].

Fig.5.7 shows the structure of Fe layer in NaFeAs above (left) and below (right)

the structural transition temperature. The green shades square is the tetragonal unit

cell with two Fe atoms. Its lattice constant is aT = bT = 3.93 Å. As the temperature

goes down and the system enters into the nematic phase, the tetragonal unit cell

bears a shear distortion as shown in Fig.5.7(b). The distortion can be realized in two

forms. In the first case, the left edge of the tetragonal unit cell move up or down

relative to the right side, breaking the Z2 symmetry. In these cases, we obtain two

degenerate orthorhombic unit cell with its long axis pointing either to the upper left

(yellow rhombus) or to the upper right (red rhombus). Alternatively, if the shear

distortion push the upper edge of the tetragonal unit cell to the left or right, we have

another two domains as shown at the bottom of Fig.5.7(b).It is worth noting here

that the axes of the orthorhombic unit cell is not exactly 45deg away from the axes of

the tetragonal unit cell. The consequence is that the axes of one orthorhombic twin

domain are not perpendicular to the ones of other domains. This could be confirmed

in Fig.5.7(a) where aO of domain 1 is not parallel to either aO of domain 3 or bO of
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Figure 5.7 : (a) Schematics of the Fe layers in NaFeAs. Rod spots are Fe atoms
and the tetragonal and orthorhombic unit cells are highlighted.(b) The instantaneous
lattice distortion with a particular in-plane transverse acoustic (IPTA) phonon mode
propagating horizontally to the right but with Fe atoms vibrating vertically.
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Figure 5.8 : (a) The three different equivalent positions in reciprocal space used in
our neutron scattering measurements in order to determine all three acoustic phonon
branches. The purple arrows with q are the reduced momentum of the phonon and
the double-headed arrows represent the phonon polarizations along a (red,LA), b
(blue, IPTA) and c (green, OPTA) axis. (b) The corresponding dispersions of the
three phonon modes at 100K.

domain 2 and 4 ,and vice versa. Therefore, there are in fact four different domains

below the structural transition temperature instead of two.

However, in the following discussion, we will talk about only one pair of domains

to simplify the discussion. As we all know, the atoms in the lattice are not static

even at zero temperature due to the zero-point energy. The vibrations of the lat-

tice at finite temperature are indeed a series of normal modes which are quantized

as phonons. Consider there is one particular mode propagating horizontally to the

right whose instant snapshot is shown in Fig.5.7(c). The polarization of this phonon

is in the vertical direction, indicating that the Fe atoms are oscillating vertically.

The wavelength of this phonon is 12aT , representing it is an acoustic phonon with

a momentum q = 2π/(12aT ) ≈ 0.083 r.l.u.. The vibration of this particular phonon

results in the instantaneous micro orthorhombic domains as shown in the yellow and

red shaded area, the dynamic version of the domain 1 and domain 2 in Fig.5.8. As one
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phonon passes by, these dynamic domains switch from one to the other swiftly in one

period of phonon. As a consequence, Fe-Fe bond length will stretch or contract and

switch between the dynamic aO/2 and bO/2 as shown in Fig.5.7(b) and (c). Imaging

once this particular phonon is frozen, or in the case the restoring force between the

ions becomes zero, there is a transition occurring into the orthorhombic state with

twin domains. Therefore, the orthorhombic transition is closely related to this partic-

ular phonon. This phonon is named as in-plane transverse acoustic (IPTA) phonon

since its polarization is in plane and perpendicular to its propagation direction. Sim-

ilarly, the other two acoustic branches of the phonons in NaFeAs are out-of-plane

transverse acoustic (OPTA) and longitudinal acoustic (LA) phonons which are not

directly associated with the orthorhombic lattice distortion.

Since the IPTA phonon is closely associated with the orthorhombic/nematic tran-

sition, it is important to study the evolution of this particular phonon across the

transition temperature. In neutron scattering experiments, we need to choose partic-

ular positions in the reciprocal space to detect the wanted phonons. The positions

that we chose are shown in Fig.5.8(a). For phonon measurements, the neutron is only

sensitive to phonons with polarization parallel to the momentum transfer Q. In order

to measure the IPTA phonon, we need to measure (q,2,0) to reach the phonon with

momentum q along H axis and polarization along K axis. The equivalent positions are

(2,q,0) due to the fourfold symmetry of the crystal. For other two acoustic branches,

the positions are (2 + q,0,0) for LA and (q,0,5) for OPTA phonons after considering

the instrument resolution and coverage of the reciprocal space.

In practice, the fourfold symmetry of the crystal persists even under the struc-

tural transition temperature TS due to the twinning effect. Considering one tiny

piece of crystal in tetragonal phase, a neutron diffraction on this crystal renders a
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Figure 5.9 : (a) Sketch of the expected diffraction pattern in NaFeAs. The black
dots represent the Bragg peaks in tetragonal phase and blue and red are peaks of the
twinning orthorhombic domains. (b) Sketch of the IPTA phonon dispersion along
[H,2,0] direction. Dashed lines are the phonons in tetragonal phase stemming from
(0,2,0)T . The solid lines are the phonon stemming for (±δ,2,0) originating from the
twinning orthorhombic domains. (c) The twinning effect on the constant-Q scan of
the phonons. (d) Schematics of the non-linear phonon softening derived based on the
phonon measurements.

scattering pattern as the black dots shown in Fig.5.9(b). As the system undergoes

an orthorhombic transition(Fig.5.9(a)), or the IPTA phonon is frozon (Fig.5.7(c)),

it leads to the coexistence of two twinning domains, for instance, domain 1 and 2

in Fig.5.7(b). Correspondingly, domain 1 gives its Bragg scattering pattern as the

yellow dots and domain 2 gives red ones in Fig.5.9(b). The tetragonal (0,2,0)T peak

splits into two at (±δ,2,0).Since the acoustic phonon stems from the Bragg peak, the

peak splitting of (0,2,0)T means that the original point of the phonon dispersion in
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E-q plot shifts. A constant-Q scan done in our regular phonon measurements de-

tects phonons from both domains. Macroscopically, the population of the twinning

domains are supposed to be equal so their contribution to the scattering intensity of

the phonons should be the same. In practice, a constant-Q scan detects the average

effect and the peak center should be in the middle, the same position as the phonon

stemming from (0,2,0) [Fig.5.9(c)]. Therefore, by measuring the peak center of the

constant-Q scans of the IPTA phonons, we can determine the temperature depen-

dence of the phonon energy without considering the twinning effect. However, the

peak width does change (Fig.5.9(d)). Whether the possible broadening of phonon

peaks comes from the intrinsic changes of phonon life time or just from the Bragg

peak splitting requires further measurements with fine resolution. The schematics of

the 2D version of the lattice distortion could be found in the Supplementary Material

of our paper(submitted to PRX).

5.3.2 Neutron scattering results on the phonons

We use inelastic neutron scattering technique to study phonons in single cystal of

NaFeAs which is the parent compound of NaFe1−xCoxAs family of iron based super-

conductors. The measurements were carried out on the C5 triple-axis spectrometer

at the Canadian Neutron Beam center, Chalk River Laboratories, with a fixed final

neutron energies of Ef=8.04 meV and 14.56 meV for phonon measurements. Some s-

cans of the IPTA phonon were carried out on the HB-3 triple-axis spectrometer at the

High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory, with Ef=14.7

meV. In the paramagnetic tetragonal state, the lattice constants are a = b = aT =

bT = 3.93 Å and c = 6.98 Å. In the AF orthorhombic state, aO ≈ bO ≈
√
2aÅ.

The in-plane AF wave vector is QAF ≈ (0.5,0.5). One big piece of single crystals
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Figure 5.10 : (a)phonon dispersion of longitudinal (LA), in-plane transverse (IPTA)
and out-of-plane transverse (OPTA) acoustic phonon modes along the q direction at
100K, respectively. (b) Dispersions of the IPTA phonon mode measured at 100K,
60K and 40K. (4) Temperature dependence of constant-q scans at q = 0.05 for the
IPTA mode.

with mass m ∼ 2.5 g is used in the measurement and it is aligned in the [H,K,0] and

[H,0,L] scattering plane to reach all three phonon branches (Fig.5.8(a)).

We first measured a series of constant-Q scans of each branches at 100K which

is above TS in the paramagnetic tetragonal phase. In principles, the phonon spec-

trum should be considered as a δ function with infinite life time. However, the finite

resolution of the instrument has to be convolved and results in a Gaussian function

whose center is considered as the energy of the phonon at this particular momen-

tum. Fig.5.10(c) shows such constant-Q scans of the IPTA mode at q= 0.05 at 100K,

60K,50K and 40K. Well defined Gaussian peaks are observed. By fitting with a Gaus-

sian function plus a polynomial background, the energy of the phonon at particular

q can be well determined. For each acoustic branches the obtained results are shown

in Fig.5.10(a) as red (LA), green (OPTA) and blue (IPTA) curves. It is clearly seen

that the LA phonon (red curve) has a higher energy than the other two branches at

the same momentum, expected from the classical harmonic lattice since the LA mode

changes the volume of the unit cell and cost a lot of energies while the other two

do not. Unlike in the simple cubic model, the IPTA and OPTA phonon modes are
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not degenerate in NaFeAs, reflecting the different interaction between in-plane and

out-of-plane atoms.

Since all three acoustic phonons originate from the Bragg peak (E=0 and q=0),

they are expected to intersect with each other at the origin point in Fig.5.8(b). In

practice, we can not reach the q = 0 point due to the strong intensity from the

elastic line. However, a simple linear assumption can help us determine the dispersion

relationship of the acoustic phonon with q → 0. In Fig.5.10(a), at the first glance,

the low energy parts of the phonon dispersion with q< 0.2 follow linear dispersion

relationship very well and can be considered as straight lines. We fit these data

points with linear functions and the results are shown as red,green and blue lines.

In general, acoustic phonons with different polarizations should exhibit similar linear

dispersion dependence at similar temperatures. However, the behavior of the IPTA

phonon seems to be very different from the other two. Fig.5.10(a) is an expanded

view of the Fig.5.8(b) around the origin point. It can be seen clearly that while LA

and OPTA phonon dispersions follow E = vq with q ≤ 0.2 r.l.u., the dispersion of

IPTA phonon is E = vq+b with b < 0. Because the IPTA phonon is closely associated

with the orthorhombic/nematic phase, a systematic study on it dispersion would be

very interesting.

In Fig.5.10(b), we show the measured phonon dispersion of the IPTA phonon

at 100K (> Ts), 60K (≈ Ts) and 40K (< TN). It is found that the high energy

parts of the dispersion remains unchanged at different temperature, while the low

energy parts have a prominent temperature dependence. Further measurements at

particular momentum and at a series of temperatures are summarized in Fig.5.11. As

the temperature cools down, the phonon energies at q=0.05 ,0.075 and 0.15 reduce

above the structural/nematic transition temperature. The amplitudes of the softening
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Figure 5.11 : (a),(b) Temperature dependence of the phonon energy measured at
q=0.05, 0.075, and 0.15,0.2,0.3 respectively. The phonon softening on cooling to TS

is observed at q=0.05,0.075 and 0.1 r.l.u. but absent at q = 0.2 and 0.3. The phonon
hardening below Ts are seen for phonons with q < 0.2 r.l.u.

are momentum-dependent with the maximum ∼ 0.4 meV at q = 0.05 (red). It is

reduced to less than 0.2 meV at q = 0.15. Below TS, the phonon energy recovers as

the system goes away for the structural transition. However, the recovery is a little

excessive. The energies at T < TN seem to be higher than the phonon energy at 100K

which is far above the structural transition temperature TS, suggesting a possible

hardening effect. An possible explanation is that as the temperature goes down, the

lattice is frozen and becomes harder, so the lattice vibrations at low temperature cost

more energy than those with the same mode (q) at 100K. However, whether such an

’frozen’ effect could cause any observable consequence in such a small temperature

window is still an open question. For the phonon with q ≥ 0.2, there are no obvious

changes across TS and TN except a smooth increase as the temperature cools down.

(Fig.5.11(b)). Apparently, the phonon softening at certain temperatures in NaFeAs

is limited at small q and energy, and is reduced as phonon momentum q increases.

The similar behavior has been observed by inelastic neutron scattering in BaFe2As2
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Figure 5.12 : (a)Temperature dependence of the phonon dispersions of the IPTA mode
near the zone center at 100 K, 60 K, and 40 K. The inset shows the expanded view
of the low-energy part of the dispersions.(b)Temperature dependence of the intercept
b estimated for all three acoustic branches shown in Fig. 1(d).

and SrFe2As2 [95, 96]. The phonon softening on cooling is also corroborated by the

measurements on the elastic shear modulus of C66 with different techniques [102, 103].

And it is suggested to be related to the nematic fluctuations above TS. Furthermore,

the response of C66 below the superconducting transition at Tc provides important

information about the coupling of the nematic fluctuations to superconductivity.

However, the C66 shear modulus is intrinsic elastic properties and can not directly

tell information about the dynamic fluctuations occurring in the material. In order to

dig out more information from our inelastic neutron scattering results on the phonons

in NaFeAs, we mapped out the dispersion of the IPTA phonon at several temperatures

and compared their difference. As seen in Fig.5.10(b) and 5.12(a), the energies of the

phonons at q≥ 0.2 are almost temperature independent, while the phonon dispersion

at q < 0.2 varies dramatically as the temperature cools down. In order to quantify

the temperature dependent phonon softening, we use the linear function E = v×q +

b to fit the measured phonon dispersion at q≤ 0.2. By doing this, we obtain a series

of b at different temperatures as shown in Fig.5.12(b) for all three acoustic branches.

Consider a linear phonon dispersion around the Brillouin zone center [dashed line
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in Fig.5.12(c)]. The phonon softening limited at small region occurring at certain

temperatures definitely bends the phonon dispersion and results in the curved shape

of the solid blue curve in Fig.5.12(c). The orange area represents the amplitude of

the phonon softening. According to our measurements at q = 0.05,0.075 and 0.15

[Fig.5.11], we observed a monotonous decrease of the phonon softening as increase

the phonon momentum. Therefore, our experimental data points are limited on the

right half of the orange area and the linear fitting would always gives a result as the

red straight line shown in Fig.5.12(c). In this case, the intercept b of the straight line

with y-axis can be used to represent the amplitude of the softening to some extent.

The estimated intercept b is plotted in Fig.5.12(b) as a function of temperature.

The values of the intercept b for LA and OPTA phonons are also shown. A distinction

between the IPTA and LA/OPTA phonons is seen that the intercept b is always

negative for IPTA phonons while it is nearly zero for LA/OPTA phonons.In general,

acoustic phonons with different polarizations should exhibit similar linear dispersion

dependence at similar temperatures. When phonons couple with electrons or other

elementary excitations, their peak positions, widths, and intensities might change.

While the LA and OPTA phonons behave as expected with b = 0, the values of b

for the IPTA mode are negative in both the AF ordered and paramagnetic state,

thus suggesting that there is the IPTA phonon-elementary excitation (either spin

or orbital) coupling existing in the whole measured temperature region and it is

independent of the magnetic ordering.

Another significant effect is that the value of intercept b for IPTA phonons achieves

its maximum at TS where the structure/nematic transition happens. This suggests

that the values of b is closely associated with the nematic order and fluctuations.

Since such coupling is absent for the LA and OPTA phonon modes, we conclude that
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the nonlinear dispersion curves seen in the IPTA phonon mode [Fig.5.12(c)] at small

q and their strong temperature dependence around TS are due to the IPTA phonon

and elementary (spin or orbital) excitation coupling. The coupling strength can be

described by the absolute value of b.

5.4 Neutron scattering study on the magnon spectrum in

NaFeAs

In addition to phonons, spin fluctuations are another important elementary excita-

tions in iron pnictides [18].Distinct from acoustic phonons which are observed near

nuclear Bragg peak positions such as (2, 0, 0), low-energy spin fluctuations in NaFeAs

occur near the QAF = (0.5, 0.5, 0.5) at AF zone center in reciprocal space. In the AF

ordered state (T < TN), the neutron scattering measurements found that spin waves

are gapped below ∼ 4 meV at the AF zone center and disperse to ∼ 7 meV near

AF zone boundary along the c-axis. Theoretically, the spin-spin correlation function

S(q, ω) which can be directly measured by inelastic neutron scattering has a close re-

lationship with the nematic order parameter. One of the most significant predictions

of spin nematic theory is that the nematic order should enhance magnetic excitations

at (1,0) in the form of increasing both the intensity and the correlation length while

those around (0,1) are suppressed in an opposite way [104, 88]. In neutron scatter-

ing experiments, there is clear evidence of anisotropic spin excitations between (0,1)

and (1,0) in the uniaxial strained BaFe2−xNixAs2 in the paramagnetic orthorhom-

bic phase. On the other hand, the spin-spin correlation in electron doped BaFe2As2

and LaFeAsO starts to show the sudden reduction of the spin-spin correlation length

[86, 87] at (0,1) just below TS, suggesting the strong effect of the nematic order on
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Figure 5.13 : Constant-E scans of magnetic fluctuations along the [H,H,0.5] direction
at E = 5 meV. The red solid lines are the results of fitting with Gaussian function.

low energy spin fluctuations. By contrast, similar measurements on NaFeAs single

crystals [105] observed a plateau in dynamic spin response in a critical region around

the structural transition temperature instead of a sharp enhancement of spin-spin cor-

relation length. This places a great challenge on the spin-nematic theory. However,

the data quality in the previous measurements on NaFeAs is not good and might be

responsible for the failure of observing the peak sharpening. Therefore, a systematic

study with decent data quality is required on the relationship between low energy

spin fluctuations and the nematic order parameter in NaFeAs.
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Our neutron scattering experiments on the spin fluctuations in NaFeAs was carried

out on the C5 triple-axis spectrometer at the Canadian Neutron Beam center, Chalk

River Laboratories with Ef=13.7 meV. A well aligned pack of single crystals (∼10 g)

with mosaic < 3 deg aligned in the [H, H, L] scattering plane. We carried out a series

of constant-E scans along [H,H,0.5] directions at E = 3,5 and 8 meV and [H,H,0] at E

= 5 meV. The raw data along [H,H,0.5] at 5 meV is shown in Fig.5.13. Each scan is

fitted with Gaussian function plus a constant background. The resultant width of the

Gaussian peak is the inverse of correlation length. Similar analysis were performed

on all the constant-E scans at different energies and temperatures.

Figure 5.14 summarizes temperature dependence of the in-plane spin-spin corre-

lations for spin fluctuations with energies of E = 3 meV, 5 meV, and 8 meV along

the cut 1 and cut 2 directions as shown in Fig. 5.14(a). Figure 3(b-e) shows tem-

perature dependence of the line width and the corresponding spin correlation length

ξ, respectively. A sharp reduction in the peak linewidth and a dramatic increase in

the spin-spin correlation lengths are seen below TS. They are accompanied by the

increase of the intensities at the peak centers [Fig.5.14(f-h)], reflecting a redistribution

of the magnetic spectral weight in the nematic phase. The sharpening effect persists

smoothly down to below TN and has no obvious response to the establishment of the

static long range magnetic order. Meanwhile the spin fluctuations opens a gap ∼ 4

meV at (0.5,0.5,0.5) and ∼ 7 meV at (0.5,0.5,0). This results in the reduction of the

peak intensity at E = 3 and 5meV, q = (0.5,0.5,0.5) and E = 5 meV, q = (0.5,0.5,0).

While these results are somewhat different from a neutron scattering work on NaFeAs

[105], which finds no dramatic anomaly across Ts, they are consistent with previous

work on LaFeAsO and Ba(Fe0.953Co0.047)2As2, which was interpreted as results of the

long-range nematic order below Ts [86]. We note that a phonon at q = 0.05 probes
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Figure 5.14 : (a) Sketch of the reciprocal space in which AF spin fluctuations and
acoustic phonons are marked as yellow ellipsoid and blue sphere. The directions along
which we measured in the experiment are shown as blue,green and red lines. (b-e)
Temperature dependent line widths and correlation lengths of the low energy spin
fluctuations.(f-h) Temperature dependence of the peak intensity in each scan. It is
clear that there are negative correlations between the peak intensity and the peak
width before the system enters into the AF ordered state.
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measuring at q = (0.4,0.4,L) and (0.6,0.6,L) and subtracted from the raw data.

coherent lattice vibrations of ≈ 20 unit cells. The resultant dynamic orthorhom-

bic domains has a length scale which can be roughly calculated as 3.93 × 10 ∼ 40

Å. These values are similar to the observed spin-spin correlation lengths above Ts,

suggesting that correlated spin domains might be limited by sizes of the dynamic

structural domains.

To further understand spin excitations across TS, we carefully studied tempera-

ture dependence of spin-spin correlations along the c-axis. Figures 4(a)-(d) are the

background subtracted scans along the [0.5,0.5,L] direction at spin excitation energy

of E = 2 meV and different temperatures. At T = 60 K ( > TS), the scattering

is essentially featureless and decreases with L due to the iron magnetic form factor,

suggesting that magnetic excitations are two-dimensional (2D) rods along the c-axis
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in reciprocal space. As the temperature goes down to T = 55K (< TS), two broad

peaks emerge around L = ± 0.5 r.l.u. indicating increased c-axis spin-spin corre-

lation. Upon further cooling to T = 50 K and 45 K (> TN), these peaks are well

established. These peaks disappear below TN due to the opening of a spin gap. Since

the line width of these peaks along the L-axis is very broad and there are overlaps

between neighboring peaks centering at L = 0.5,1.5,...r.l.u., we use a periodic Lorentz

function f(x) = A sinh(Gπ)
cosh(Gπ)−cos(2π(x−x0))

to fit the magnetic fluctuations at E = 3 and 5

meV, where x0 is the peak center and G is peak width. At E = 8 meV, the magnetic

fluctuations are always 2-D like and the L scans are featureless (not shown).

In Fig.5.16(a)-(c), the temperature dependence of the fitted line width and cor-

responding spin-spin correlation length are plotted at E = 2 meV, 3 meV and 5
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meV. Both the line width and the correlation length exhibit prominent temperature

dependence at all the measured energies. Inspection of Figure.5.16 reveals a clear

increase of the c-axis correlation length below Ts, consistent with the observation in

the constant-E scans where the two peaks start to emerge below TS but far above

TN . As we know, quasi-2D spin fluctuations have weak L-dependence but the low

energy part of 3D spin wave has to be confined at the AF wave vector. The reduction

of the line width and increase of correlation length indicates a crossover from 2D to

three-dimensinal (3D) occuring between TS and TN . Fig.5.16(d) shows temperature

dependence of the integrated intensities over the range from L = -1 to L = 1. It is

again clearly seen that the magnetic scattering suddenly increases below TS. Overall,

our neutron scattering experimental results undoubtedly unveil the fact that the low

energy spin fluctuations in NaFeAs have dramatic responses to the structural/nematic

transition. The spectra of the low energy spin fluctuations are strongly redistributed

below TS.

5.5 Theoretical considerations and density function theory

calculation

Given the simultaneous occurrence of the dramatic increase of spin correlation length

at QAF and hardening of the IPTA phonon below TS, it is interesting to ask if the

low-energy spin fluctuations are coupled to the IPTA phonons. In order to solve this

problem, we took the effective exchange couplings in NaFeAs into consideration. The

value of the effective magnetic exchange coupling can be determined by fitting the

spin wave spectra throughout the Brillouin zone using a Heisenberg Hamiltonian. In

the AF orthorhombic state in NaFeAs, the nearest neighboring exchange couplings
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Figure 5.17 : (a) Schematics of the nearest neighboring Fe-Fe bond. The small
difference between ao/2 and bo/2 and the large difference between J1a and J1b renders
a nonnegligible ∆J /∆r, which entangles the lattice and magnetism. (b) One pair
of magnetic Fe ions in the paramagnetic tetragonal phase with the magnetic binding
energy of Eb = J0S1S2 cos θ. As the Fe-Fe bond stretches, the spin exchange coupling
increases and thus there is an energy transfer from the lattice to the spin system.

are obtained and SJ1a = 40 ± 0.8 meV along aO and SJ1b = 16 ± 0.6 meV along

bO with S ≈ 1 [59]. The corresponding distances between the neighboring Fe ions

are ao/2 = 2.795 Å and bo/2 = 2.785 Å. It is surprising that a tiny difference in

the in-plane Fe-Fe distance can result in such large anisotropy of the spin exchange

couplings.

As I mentioned in Section.5.2, the ∆J/∆r is associated with the spin-lattice cou-

pling and might be responsible for the coupling between phonons and magnons in

NaFeAs. Inelastic neutron scattering experiments have found that the spin waves

persist far above the magnetic transition temperature, suggesting the existence of

local anti-ferromagnetic correlation in the paramagnetic tetragonal state. At finite

temperature, the Fe-Fe bond length can be tuned by the IPTA phonon in a coherent

way as shown in Fig.5.7. The spin-phonon coupling arises due to the lattice modula-

tion via ∆J/∆r and has feedback effect on both phonon and spin waves. In previous
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ultrafast optical spectroscopy measurements on Ba(Fe1−xCox)2As2, it was found that

coherent optical phonon motions of As atoms on ultra-fast timescales induced by

a femtosecond optical pulse can produce transient dynamic AF and/or nematic or-

der at temperatures above Ts through possible modifications of the Fermi surfaces

and dynamic spin-lattice coupling [106, 107]. For conventional AF insulator such

as (Y,Lu)MnO3, the effect of dynamic spin-lattice coupling is to create energy gaps

in the magnon dispersion at the nominal intersections of the magnon and phonon

modes [108]. However, this cannot explain our observation in NaFeAs, since the low-

energy acoustic phonons and spin fluctuations are located at different wave vectors

in reciprocal space.

To solve this problem, we consider the one-phonontwo-magnon scattering mech-

anism described in the references [98, 99]. Theoretically, it has been found that

spin-lattice coupling due to the one-phonon-two-magnon scattering process in an an-

tiferromagnet can affect the spin wave broadening/damping, dispersion, and intensity

[109]. In iron pnictides, the spin fluctuations exhibit spin-wave-like features far above

TN which has been observed by inelastic neutron scattering. Therefore, such magnon-

phonon coupling can exist even in the paramagnetic tetragonal phase when there is

no long range magnetic order. This is also consistent with the negative value of

b in Fig.5.12(b). Fig.5.18 schematically illustrates how such a dynamic spin-lattice

scattering mechanism might lead to a temperature dependent behavior. In the para-

magnetic tetragonal phase with strong AF spin fluctuations, the neighboring spins are

anti-parallelly correlated in a fast time scale while the macroscopic thermal dynamic

average of the staggered moments are still zero. When an IPTA phonon with mo-

mentum q and energy E0 passes through and distorts the lattice, the local Fe-Fe bond

length stretches (contracts)and the resultant exchange coupling increase (decrease)
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Figure 5.18 : (a)The momentum triangle of the one-phonon-two-magnon scattering
process within the [H,K,0] plane. (b) and (c) THe momentum triangles in the [H,H,L]
plane above and below TS. As spin fluctuations undergoes a 2D-to-3D crossover, a
large part of the scattering channel would be blocked. (d) Comparison of the phonon
dispersions obtained from DFT calculations with (markers, M) and without (solid
lines, NM) magnetism assuming a tetragonal lattice. (e) Wave vector dependence of
EM - ENM phonon dispersions abtained from DFT calculations with non-magnetic
(NM) Fe site assuming orthorhombic (markers) and tetragonal (solid lines) lattice.
The black,blue and red colors represent LA, OPTA and IPTA phonon modes.

from J0 to J0 + ∆J (−∆J). This means an energy transfer from the lattice (spin)

to the spin (lattice) system in which one phonon is annihilated (generated) accompa-

nied by one magnon scattered from one state to another. This process is named as

one-phonon-two-magnon scattering since it involves three particle state (Fig.5.2).

In section 5.2.2, we have proved that the spin-phonon coupling could affect the

scattering spectra of both phonon and spin waves. Similar analysis in the 2D iron

pnictide is difficult. Therefore, we turn to DFT calculations to look for any differences

between the phonon dispersions of NaFeAs in the cases with and without magnetic
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moments on the Fe site. The open triangles, squares, and circles in Figure 5.18 are

DFT calculated LA, OPTA, and IPTA phonon dispersions with Fe magnetic moment,

respectively. The solid lines in the same figure show identical calculations without

magnetism. While the main effect of magnetism is to soften the OPTA and IPTA

phonons near the zone boundary ( q = 0.5), its effect on the low-energy OPTA and

IPTA phonons can be seen by comparing phonon energies with magnetism (EM)

and without magnetism (ENM). In Fig.5.18(e) shows wave vector dependence of

EM − ENM , revealing a clear difference between OPTA and IPTA phonons below q

= 0.075. These calculations suggest that the presence of magnetic moment on Fe has

much larger effect on the low energy IPTA phonons, consistent with our observation

of the phonon softening determined by the intercept b [Fig.5.12(b)]. To further test if

the small orthorhombic lattice distortion in the nematic phase of NaFaAs can affect

acoustic phonons without magnetism, we show in Fig.5.18(f) the calculated phonon

dispersions in orthorhombic and tetragonal states in the nonmagnetic state. Within

the errors of our calculation, we find no evidence of phonon softening due to lattice

orthorhombicity. From these results, we conclude that the presence of magnetism

and spin-spin correlations selectively influence the dispersion of the IPTA phonon at

q → 0.

5.6 Discussion and conclusion

Assuming that the one-phonon-two-magnon mechanism is realized in NaFeAs, it is

interesting to see what phenomenon might occur related to this mechanism. As we

know, in the scattering process, the energy and momentum conservation has to be

satisfied. Consider two magnon states with momentum −k and k′ and energy -E and

E’ (positive E means generating and negative E means annihilating). The scatter-
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ing from k to k′ states requires one phonon annihilated (generated) with momentum

q = k + k′ and energy ε = E + E ′ as shown in Fig.5.18(a). The scattering ampli-

tude is constrained by the momentum triangle and depends on the detail of the spin

fluctuation dispersion. In the paramagnetic tetragonal state, the out-of-planes spin-

s are almost uncorrelated and thus the spin fluctuations are totally 2-dimensional,

results in a role-like shape in the 3D reciprocal space [Fig.5.18(b)]. This implies a

large phase space is provided for the dynamic spin-lattice coupling. As the system

undergoes a 2D-to-3D crossover, the low energy spin fluctuations start to concentrate

around the wave vector QAF = (0.5,0.5,1), resulting in a greatly reduced phase space

as shown in Fig.5.18(c). Since the spin-phonon coupling can lead to phonon soften-

ing, the reduction of the scattering space might be responsible for the over-recovery

of the phonon softening (phonon hardening) at low temperature in NaFeAs. In this

picture, the narrowing of the low energy spin fluctuations below Ts is associated with

the enlarged exchange coupling J1a due to the lattice stretching which hardens the

spin wave dispersions. Furthermore, since finite out-of-plane spin exchange coupling

is required to establish the eventual 3D AF long range order, the presence of the

quasi-2D spin fluctuations in the paramagnetic tetragonal phase might be directly

associated with the nematic fluctuations in a variety of experiments. In addition, the

energy scale of the phonon softening ∼ 1 meV is consistent with the slow recovery of

the nematic order on a timescale of several or decades of ps observed by time-resolved

polarimetry [107],confirming its close relationship with the nematic fluctuations.

So far, the one-phonon-two-magnon mechanism described above is just one pro-

posal for interpreting the observed phonon and magnon excitation anomaly across

Ts in NaFeAs. Although our result can not nail down the microscopic origin of the

nematic transition, it revealed a clear coupling between low energy acoustic phonon
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and spin excitations, suggesting that the spin-phonon coupling might play significan-

t role in determining the low energy and static physical properties in iron pnictide

superconductors. Therefore, we need to take the coupling between spin and lattice

degrees of freedom into consideration, in order to understand the electronic behavior

in normal state and the underlying physics which might be related to the high Tc

superconductivity.
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