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Abstract of the Dissertation

Interplay between magnetism and
superconductivity in high-temperature
superconductors La,_,Ba,CuQO, and
Fe ., Te;_,Se,: crystal growth and neutron

scattering studies
by

Jinsheng Wen

Doctor of Philosophy
in
Materials Science and Engineering
Stony Brook University
2010

In this Dissertation, I combined neutron scattering with suscepti-
bility, and transport measurements on two types of high-temperature
superconductors Las_,Ba,CuQy, and Fe;,,Te;_,Se, to study the
interplay between magnetism and superconductivity. By studying
Lay,_,Ba,CuO, with crystals grown by a floating-zone technique,
it is found that static magnetic order competes with supercon-
ductivity, with the observation that both magnetic field and Zn
impurity reduce the superconductivity and enhance the magnetic
order. By studying the doping and magnetic-field dependence on
Feiy,Te;_,Se, with crystals grown by a horizontal unidirectional
solidification method, it is revealed that magnetic fluctuations are
essential for superconductivity. The results are consistent with the
idea that magnetic excitations act as the “glue” to pair the elec-
trons, and render the superconductivity.
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1.1 Two defining characteristics of superconductors:(a), the resis-
tance is zero below T, [1, 2]; (b), the magnetic flux B inside
the superconductor is expelled when the superconductor estab-
lishes superconductivity at T' < Ty, by creating surface current [3].

1.2 Year and T, for some superconductors. Hg, first superconduc-
tor, 1911 [1, 2]; Lay_,Ba,CuQy, first high-T,. superconductor,
1986 [5]; YBayCuzOr_,, T, ~ 93 K, 1987 [11, 12]; Iron-based
superconductors, 2008 [8, 10]; the highest 7. ~ 130 K [6]. Two
horizontal lines indicate liquid He and Ny temperatures. Two
medals represent Nobel Prizes. The darker and lighter shade
indicates the years when low- and high-temperature supercon-
ductors were discovered. . . . . . . .. ... L.

1.3 A schematic phase diagram of the hole-doped cuprates. AFM,
antiferromagnetic; SC, superconducting. Upper curve is for
Lay_,Sr,CuQy, and lower one for Lay_,Ba,CuO4. At z = 1/8,
the T, vs. x curve shows a dip, known as the “1/8” anomaly. [48]

1.4 (a) Atomic structure for LayCuQy; (b) Cu-Oq plane. at, by, and
a,, and b, stand for tetragonal, and orthorhombic a and b axis
respectively; (c) Spin arrangements in the Cu-Og plane. The

arrows indicate the direction of the magnetic moments. [46, 47,
D2] o

1.5 Schematic of the magnetic peaks for Lay_,Sr,CuOy in (HKO)
scattering plane, using tetragonal coordinate system for (a), un-
doped LayCuOy (star), and lightly-doped Lag_,Sr,CuOy4 (cir-
cles); (b) superlattice peaks for Lag_,Sr,CuO,4 with larger dop-
ing, arising from spin stripe order. (c¢) Schematic of the charge
and spin stripe. Arrows indicate the moment direction, and the
filled arrows indicate the direction rotated by 180° from the an-
tiferromagnetic structure. The sites without arrows represent
holes, with filling ratio of 1/2. [53-62] . . .. ... ... ...
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(a) Background subtracted spin-order peak (0.618,0.5,0) inten-
sity in zero and 7-T field. (b) Peak intensity difference between
7- and 0-T measurements, and relative intensity difference S. (c)
Resolution corrected peak width along H and K directions in
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(¢). Lines through the data are guides to the eyes. Vertical lines
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Chapter 1

Introduction

In this Chapter, I will introduce superconductivity, the BCS theory, high-
temperature superconductors and the interplay between superconductivity and
magnetism in these superconductors. Also, I will introduce one sample system
I want to study in this Dissertation.

1.1 Superconductors

1.1.1 Conventional superconductivity and the BCS the-
ory

Superconductivity was discovered by Heike Kamerlingh Onnes in 1911 as
a result of his investigations on the resistance of Hg. [1, 2] When he cooled Hg,
the resistance went down gradually, and suddenly, dropped to zero at a tem-
perature, which is later called critical temperature, T,. [See Fig. 1.1(a)] The T,
~ 4.2 K for Hg is very low, =~ —269 °C, reached only after Onnes successfully
liquified He. Zero resistance is a defining characteristic of superconductors,
and another one is the “Meissner Effect”, which is describing a superconduc-
tor’s ability to expel the internal magnetic flux below T, by creating a large
surface current, as illustrated in Fig. 1.1(b). [3] The current generates an op-
posite field to cancel the external field, and this type of response to the field is
called “diamagnetism”. These two amazing properties make superconductors
extremely useful. First, zero resistance means zero-energy loss to heat when
superconductors are used to carry electric current, which is promising for sav-
ing the precious energy. They can be also used in making superconducting
magnets, with current flowing through them to generate the magnetic field
which will persist without power supply, and thus save energy. Because of
their diamagnetism, they are also used in magnetic-levitation (maglev) train,



which can “fly” in the air without contacting the track, and thus can avoid the
friction from the track and run very fast. This is one of the most promising
candidates for future high-speed, and safe transportation.
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Figure 1.1: Two defining characteristics of superconductors:(a), the resistance
is zero below T, [1, 2]; (b), the magnetic flux B inside the superconductor is
expelled when the superconductor establishes superconductivity at T' < T, by
creating surface current [3].

Superconductors exhibit many exotic properties, and it is definitely worth-
while to ask why. To answer this question, John Bardeen, Leon Cooper, and
Robert Schrieffer came up with a brilliant idea in 1957, for which they were
awarded the Nobel Prize. They used the concept that the interactions between
electrons and phonons allow two electrons to overcome their charge repulsion,
so that they can bind together and form Cooper pairs. [4] These Cooper pairs
can travel in the material without crashing into the lattice, and thus avoiding
energy loss. The theory is named the BCS theory after their first initials. The
BCS theory is a beautiful theory in the sense that it does not only explain the
experimental results well, but also has large prediction power. Followings are
some important formulae deduced from the BCS theory [4]:

e The BCS theory gives the T, in terms of the electron-phonon coupling
potential NyVj, and the Debye cutoff energy Ep:

kT, = 1.13Epe™s, (1.1)



where kp is the Boltzman constant.

e A formula similar to (1.1) is predicted for the zero-temperature energy
gap A(0), with
—1
A(0) = 2Epe™o% (1.2)

The ratio of A(0) over kg7, is a constant, 1.76, which is material inde-
pendent.

e The specific heat of the superconductor is decreasing exponentially with
temperatures below T,.. At T., the specific heat increases abruptly when
it is cooled from normal to superconducting state.

e The BCS theory successfully explains the Meissner effect and the varia-
tion of the penetration depth (how long a magnetic field can penetrate
into the superconductor) with temperature.

e [t also describes how the critical magnetic field, H,., above which a su-
perconductor loses its superconductivity, changes with temperature (7")
with respect to the critical field at 0 K, H.(0), with

A(T) (%)2 (1.3)

BCS works pretty well for the conventional or low-temperature supercon-
ductors, such as the element superconductors like Hg. The following section
describes a type of superconductors for which the BCS theory does not quite
work.

1.1.2 High-T, superconductivity and theories

In 1986, Georg Bednorz and Alex Miiller [5] discovered that barium-doped
lanthanum copper oxide (LBCO) became superconducting at ~ 30 K— some
10 K above the previous record temperature. This broke the common belief
that 7, cannot higher than 30 K, which triggered researchers’ great interests in
seeking superconductors with higher 7., and a flood of new materials were dis-
covered soon afterwards and the record T, is now around 135 K, in a compound
containing T1, Hg, Ba, Ca, Cu, and O. [6] (See Fig. 1.2) Before the year 2008,
all superconductors with high 7., say larger than 50 K, are materials contain
copper oxide layers and are known as cuprates. This monopoly was broken
in 2008 by the discovery of superconductivity in Iron-based superconductors
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Figure 1.2: Year and 7. for some superconductors. Hg, first supercon-
ductor, 1911 [1, 2|; Lay_,Ba,CuQy, first high-T, superconductor, 1986 [5];
YBayCuzO7_,, T. ~ 93 K, 1987 [11, 12]; Iron-based superconductors,
2008 [8, 10]; the highest 7, ~ 130 K [6]. Two horizontal lines indicate lig-
uid He and Ny temperatures. Two medals represent Nobel Prizes. The darker
and lighter shade indicates the years when low- and high-temperature super-
conductors were discovered.

The discovery of high-temperature superconductors are extremely exciting
because it makes the application of superconductors possible. Some of them
have T, higher than the boiling point of liquid Ny, which means that they
can be cooled in liquid Ny to establish their superconductivity. Compared
to low-temperature superconductors, for which one has to use liquid He to
cool to the superconducting state, the much cheaper liquid Ny greatly lowers
the cost. Now, they are used in many places, such as in maglev train, and

aThere will be more discussions on the Iron-based superconductors in Chapter 4.



superconducting magnet. Some power cables made of YBayCuszO;_, are also
under test.

While the high-temperature superconductors are encouraging on the ap-
plication aspect, they frustrate researchers with the fact that many of whose
properties cannot be explained by the BCS theory, which successfully explains
the conventional superconductivity developing from metals. Cuprates are Mott
insulators in their stoichiometric form. A Mott insulator is a material whose
conductivity vanishes as temperature tends to zero, even though band the-
ory would predict it to be metallic because of electronic interactions. [13, 14]
Concerning the high-temperature superconductors, one of the major problems
with the BCS theory is that the electron-phonon interaction which induces at-
tractive force between electrons is not large enough to overcome the Coulomb
repulsion between electrons, and the electron-phonon coupling strength is too
small to have T, higher than 30 K. Certainly, the “glue” provided by electron-
phonon interactions is insufficient for “Cooper pairs” to form! Therefore, it is
fundamentally important to look for alternative theories, or at least a mod-
ified version of the BCS theory that can account for the high-temperature
superconductivity.

From the application point of view, it is also important to understand
“what the glue is”. Although the T, has been much raised to ~ 130 K, it is
still too cold (—140 °C) for everyday use. Also, there are other properties which
limit their use, e. g., low critical current, fragility, etc. If we know why high-
temperature superconductors are superconducting, it may then be possible
to design superconductors that have higher 7., and better superconducting
properties, which will be more suitable for use.

In whichever aspect, a high-T, mechanism appears to be emergent, and
indeed, there have been tremendous efforts on it, which results a number of
theories. [15-36] Some modified BCS theories are also available. [37-39] As
can be judged from the number of theories, there have not been consensuses
on the high-7T, mechanism. Nevertheless, one of the most promising ways to
explaining the high-T,. superconductivity is by studying the interplay between
magnetism and superconductivity, because high-T,. superconductivity develops
from the vicinity of antiferromagnetism (describing a type of spin arrangement
with neighboring spins being anti-parallel to each other).



1.2 Interplay between superconductivity and
magnetism in cuprates

High-temperature superconductivity occurs by doping an antiferromag-
netic Mott insulator. Since Las_,Ba,CuQO, is the cuprate system which will
be studied in this Dissertation, let me use LayCuQy, the parent compound
for Lay_,Ba,CuO4 and Lay_,Sr,CuQ4 as an example. By doping the antifer-
romagnetic insulating LaysCuQy, that is, by replacing certain amount of La by
Sr or Ba, superconductivity appears. [5] LagCuQO, is undoped, and called the
parent compound, as it is where superconductivity arises from. In Fig. 1.3, a
schematic phase diagram for hole-doped cuprate is plotted. ® [40-47] As seen
from the phase diagram for Lay_,Sr, CuQy, after the antiferromagnetic order is
gradually suppressed, superconductivity appears (~ 0.05). The T, vs. doping
x curve has a dome shape (if one ignores the small dip around = = 1/8, which
will be discussed later), with 7, increasing with = until z reaches 15.5%, where
T. shows a maximum, and the system is optimally doped. For z < 15.5%,
it is underdoped. With z further increasing, 7. drops and superconductivity
disappears when z &~ 30%, and this region is called overdoped region.

1.2.1 Destruction of antiferromagnetic order in La,CuQO,

LayCuQy is antiferromagnetic, with Néel temperature Ty ~ 325 K, below
which it establishes the magnetic order. [49-51] It has a layered structure as
shown in Fig. 1.4. [46, 47, 52] The key element shared by cuprate structures
is the CuO, plane, as shown in Fig. 1.4(b). The CuO, planes are stacked in a
body-centered fashion, so that the unit cell contains two layers.

Before further discussing the structure, let me first describe the notations.
As shown in Fig. 1.4(b), a tetragonal unit cell in plane is indicated by the Cu-
O bond, while the orthorhombic cell is shown by the dashed lines, which is the
Cu-Cu bond. In a tetragonal unit cell, the lattice constants a = b ~ 3.81 A,
while in the orthorhombic notation, the b axis (b,) is larger than the a axis
(a,). In CuOy plane, spins on neighboring Cu atoms are antiparallel to each
other [Fig. 1.4(c)], and pointing along b,. This type of magnetic order with
spins arrange in a antiparallel manner is antiferromagnetic order. In this case,
spins have a periodicity of 2 unit cells. In reciprocal space, one expects to
see the magnetic Bragg peak at (1/2,1/2) within the (H K0) scattering plane,
as illustrated in Fig. 1.5(a) by the star. The scattering plane is defined by
two vector [H00] and [0K0]. In reciprocal space, a Q-vector (h, k,[) is usually
described in reciprocal lattice unit (r.l.u.) of (a*,b*,¢*) = (27/a,27/b, 27/ c).

bUse 24 Sr or Ba to replace 3+ La, and thus induces holes.
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Figure 1.3: A schematic phase diagram of the hole-doped cuprates. AFM,
antiferromagnetic; SC, superconducting. Upper curve is for Las_,Sr,CuQOy,
and lower one for Lay_,Ba,CuQOy. At x = 1/8, the T, vs. z curve shows a dip,
known as the “1/8” anomaly. [48]

With doping increasing, the antiferromagnetic order is rapidly suppressed,
with ordering temperature T decreasing systematically, and magnetic order
peak intensity reducing. [53-55, 57-61] In the insulating phase (z < 5%),
below 30 K, the (1/2,1/2) peak intensity shows an anomalous loss, which
is related to the onset of incommensurate magnetic diffuse scattering. This
scattering is peaked in the diagonal direction along b}, as shown by the two
circles in Fig. 1.5(a). [53] This indicates that the magnetic order is modulated
unidirectionally along b7. The long-range antiferromagnetic order is completely
suppressed at x ~5%, [40-44] after which we reach a region of central interest,
where several types of order, e.g., superconducting, and spin- and charge-
density-wave (SDW and CDW) order, coexist, and possibly compete. [32, 62—
65]

Because superconductivity appears after the suppression of the long-range
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Figure 1.4: (a) Atomic structure for LayCuQy; (b) Cu-Oy plane. ay, by, and
a,, and b, stand for tetragonal, and orthorhombic a and b axis respectively;
(c) Spin arrangements in the Cu-Oy plane. The arrows indicate the direction
of the magnetic moments. [46, 47, 52]

static antiferromagnetic order, it is believed that magnetic fluctuations which
survive in the superconducting regime are important for superconductivity. 58,
66-68] When the static magnetic order in the parent compound is suppressed,
either through doping or applying pressure, the system is driven to be more
dynamic, and then superconductivity appears.

1.2.2 Stripe order and superconductivity in cuprates

In the superconducting regime, there is a phase which has garnered a
lot of recent attention and vocal supporters—the “stripe”, a phase in which
the doped holes self-segregate into one-dimensional charge rivers spaced ap-
proximately four unit cells apart. Stripe is a term used to describe unidi-
rectional density-wave states, which can involve unidirectional charge mod-



Figure 1.5: Schematic of the magnetic peaks for Lay_,Sr,CuOy in (H K0) scat-
tering plane, using tetragonal coordinate system for (a), undoped LayCuQO,
(star), and lightly-doped Lag_,Sr,CuO, (circles); (b) superlattice peaks for
Lag_,Sr, CuOy4 with larger doping, arising from spin stripe order. (c¢) Schematic
of the charge and spin stripe. Arrows indicate the moment direction, and the
filled arrows indicate the direction rotated by 180° from the antiferromag-
netic structure. The sites without arrows represent holes, with filling ratio of
1/2. [53-62]

ulations (charge stripe) and coexisting charge and spin-density order (spin
stripe). [69] The existence of a stripe phase in cuprates was first suggested
in 1989 in the context of Hartree-Fock studies of the Hubbard model close to
half-filling and at zero temperature. [21] In this calculation, stripes are long
period CDW arising from Fermi-surface nesting in a weakly incommensurate
system. [21, 70-72] Theoretical works on stripes continue to develop. [73-75]
However, until 1995, when experimental data from neutron-scattering mea-
surements in cuprates were interpreted consistently within a stripe picture
by Tranquada et al., [62] not much attention was paid to the stripe model in
connection with high-7, superconductors. Tranquada et al. detected the static
stripes in a Nd co-doped compound Lay_,_,Nd,Sr, CuOy, for the first time. [62]
Fory = 0.4 and x = 0.12, there are 4 incommensurate peaks displaced from the
commensurate peak position (1/2,1/2), as shown in Fig. 1.5(b). In addition,
new superlattice peaks appear at the positions (0,2 4+ 2J) and (424, 2), with



0 being the incommensurability, which are identified as charge-order peaks.
The position of the peaks indicates that the stripes are oriented along the
vertical and horizontal directions, with a density of one hole per two Cu
sites. [See Fig. 1.5(c)] Stripe is now commonly known to exist in La;CuO,
doped systems, such as Lay_,Sr,CuQOy, and LaCuOy,,, [52, 61-63, 76-79)
YBayCuzO7_,, [67, 80-87], as well as in BipsSroCaCuyOg 45 [88, 89]. Besides, the
presence of stripe is established in other layered transition-metal oxides. [90—
98]

Although the presence of the stripe phase now has little doubt, the role
stripe plays in superconductivity remains controversial. They may be crucial,
beneficial, or harmful. [60-63, 66, 77, 99-105]. It generally appears that static
stripes are antipathetic to bulk superconductivity. The clearest example oc-
curs when = = 1/8, where commensurability stabilizes the largest amplitude
static stripes in the LNSCO system. [62, 63, 77] This doping corresponds to
a local minimum in the curve of T.-z, as shown in Fig. 1.3. [106] It is an in-
teresting phenomenon in cuprate system known as the “1/8” anomaly, first
seen in 1988 by Moodenbaugh et al., who observed a mysterious reduction of
T. around = = 1/8 when electrical resistivity measurements in Lay_,Ba,CuO,
were performed. [48] Later on, it is shown that 1/8 anomaly is common to all
cuprates. [62, 63, 107-113] Because of 1/8 anomaly, many people believe that
the stripe order is a foe to superconductivity. [32, 64, 65]

However, there are indications that stripes may actually be friends to su-
perconductivity. It has been suggested [66] that stripes promote supercon-
ductivity if they are not too static. Evidence for a link between fluctuating
stripes and superconductivity is provided by Yamada et al., who reported the
remarkable linear relationship between 7, and the incommensurability §. [58]
Although first documented in the Lay_,Sr,CuQ, system, there is considerable
evidence for the same effect in the YBCO system [67, 68]. It has been sug-
gested that T, increases if and only if stripes move closer together. A more
skeptical view is that T, and § increase with = (and saturate near optimal
doping) for different reasons. There is a mechanism relating the stripe to the
superconductivity in term of spin-gap proximity effect. [66] In this proposal,
the superconductivity is sensitive to the magnetic excitations.

Further studies show that the relationship of stripes to superconductivity
might be much more complicated than just either a foe or friend. One of the
first indications is that a gap appears in the in-plane optical conductivity to-
gether with the onset of charge order. [114] Next, photoemission and tunneling
measurements provided evidence for a d-wave-like gap at low temperatures,
within the stripe ordered phase but above the bulk T.. [115] These signa-
tures were quite suggestive of superconductivity, and they motivated a careful
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examination of transport and susceptibility measurements. [116] The latter
study provided evidence that two-dimensional (2D) superconducting correla-
tions coexist with stripe order at a temperature as high as 40 K, even higher
than the highest T, observed in the Lay_,Sr,CuO,4 system (32 K), suggesting
that stripe order is quite compatible with pairing and superconductivity; how-
ever, the three-dimensional (3D) superconductivity does seem to be frustrated
by the stripe order. It has been proposed that a sinusoidally modulated su-
perconducting state, minimizing overlap with the spin order, in combination
with the 90° rotation of the stripe orientation from one layer to the next, [117]
can explain the frustrated Josephson coupling. [118, 119] Independent analyses
also indicate that the energy of superconductivity coexisting with charge-stripe
order is competitive with that of a uniform d-wave state. [23, 120-123]

With the role of stripe in superconductivity being so controversial, it is
definitely worthwhile examining. In § 1.3, [ am going to describe the system
Las_,Ba,CuOy4 I studied to understand the relationship between stripe and
superconductivity.

1.3 Study on La, ,Ba,CuQOy

In above sections, I have briefly introduced what a superconductor is, and
a theory, BCS theory, which is quite successful in explaining the low tempera-
ture conventional superconductors. As the BCS theory does not work well on
the high-T,. superconductors discovered since 1986, a lot of efforts have been
put into looking for a high-7,. mechanism, and many theories have been put
forward. However, there is still no agreement on the mechanism for the high-7,
superconductors. Nevertheless, more and more people believe that magnetism
plays a role in the high-7, superconductivity, which contradicts the conven-
tional wisdom that these two are incompatible, but what role magnetism plays,
and how it plays remain open questions. To study these, Lay_,Ba,CuQO, sys-
tem is perfect.

Cuprate is an interesting system in one of the senses that an otherwise
insulating ceramic can become superconducting when it is doped. Even among
such an interesting system as cuprate, it is quite easy to pick up Lay_,Ba,CuQOy4
for my study for many reasons:

1. Despite the fact that Lay_,Ba,CuQy is the first high-7, superconductor
system discovered, very limited neutron scattering works have been done
on it, unlike its sister system, Lay_,Sr,CuQOy, [60-63, 76-79, 124-139] as
well as YBayCuzOr_,, [67, 80-87, 140-144] and BiySryCaCuyOs. s, (88,
89, 112, 145-152] which are extensively studied with many probes. It

11



is not because researchers are not interested in studying this system
with one of the most powerful tools in characterizing the nature and
strength of magnetic correlations, but simply because it is very chal-
lenging to grow large single crystals, which are crucial for the success
of neutron scattering experiments. To date, there have been only a few
measurements on Las_,Ba,CuQy, [64, 64, 153-156, 156-165] and most
of them are on the “1/8” sample because that is one of the few pieces
available. Several attempts to grow single crystals of Lay_,Ba,CuO,4 by
the traveling-solvent floating-zone (TSFZ) method have been reported
so far. [166-169] However, the sample availability is still highly limited.
And this turns out to be a great opportunity, as well as a challenge.

2. The structure for Lay_,Ba,CuQy is simpler compared to other cuprate
systems. By studying a simple system, one may be able to figure out the
more complex systems more easily.

3. The interesting 1/8 anomaly was first seen in Lay_,Ba,CuQOy, and the 7.
reduction is very strong when « = 1/8 (7. = 4 K as shown in Fig. 1.3).
This fits very well with the stripe picture, as it is believed that the stripe
order in Lay,_,Ba,CuQ, is static and strong, and this static order may
destroy the bulk superconductivity at this doping level.

4. There have been evidences showing that the stripe order coexists with
a special kind of superconducting correlation—2D superconductivity in
Lay_,Ba,CuO,4 with (z = 1/8). [114-116] And this special kind of super-
conductivity is successfully explained by considering a sinusoidally mod-
ulated superconducting state, minimizing overlap with the spin order,
in combination with the 90° rotation of the stripe orientation between
neighboring layers. [118, 119] The fact that in Lay_,Ba,CuO,4 (x = 1/8),
the superconducting temperature for the 2D superconductivity, TP, is
as high as 42 K, higher than that in the optimally-doped Las_,Sr,CuQOy,
where no static stripe is present, tends to suggest that the stripe is
actually compatible with superconductivity and pairing, or at least com-
patible with the 2D superconductivity. This contradicts the common
belief that stripe is harmful for superconductivity. Therefore, study on
this system will be very important and interesting.

1.4 Organization of this Dissertation

The rest of this Dissertation is organized as follows:
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In Chapter 2, I will introduce the crystal growth with a floating-zone
technique. Neutron scattering techniques, transport and susceptibility
measurements, as well as sample preparation will be introduced also in
this Chapter.

In Chapter 3, I will show the results combining neutron scattering and
susceptibility and transport measurements on Las_,Ba,CuQO,, demon-
strating the interplay between magnetism and superconductivity.

In Chapter 4, I am going to switch to Iron-based superconductor, an
analogue to cuprate. There will be a brief introduction on this new type
of superconductor in this Chapter.

In Chapter 5, neutron scattering and susceptibility measurements on
Feiy,Te;_,Se, will be presented. The role of magnetism in supercon-
ductivity will be examined using Fe;,,Te;_,Se,, and comparisons will
be made with Las_,Ba,CuQOy.

In Chapter 6, I will summarize the results on two superconductor sys-
tems, Las_,Ba,CuO, and Fe;y,Te;_,Se,. Future studies on these two
systems will be also sketched.
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Chapter 2

Materials and Methods

In this Chapter, I will introduce the floating-zone technique that I used to
grow the Las_,Ba,CuQ, crystals, and other techniques used to characterize
the samples. Also, neutron scattering technique will be discussed.

2.1 Sample preparation

As described in Chapter 1, it is a great challenge to grow large-size, high-
quality single crystals for Las_,Ba,CuQO4. Without these crystals in hand, it
is not feasible to do neutron scattering experiment. Although neutron scat-
tering is powerful in probing the magnetic correlations, the interaction and
the neutron flux are weak, so the magnetic signals from samples are weak,
which requires large-size samples to collect reasonable data in a given limited
time. In the following section, I will describe the traveling-solvent-floating-
zone (TSFZ) technique I used to grow the Lay_,Ba,CuO4 samples, and related
methods characterizing the samples.

2.1.1 Crystal growth with floating-zone technique

The technique I am using is the TSFZ method. [151, 169-182] The major
advantage of this technique is that crystals can be grown without contact of
other materials, such as crucibles, which eliminates a major source for con-
taminations. Crystals with high melting point as well as a large length can be
grown. The latter is particularly important in the case of incongruent melting
systems, where large deviations between the nominal composition and that of
the grown crystal are observed at the beginning of the growth.

There are two image furnaces in our lab, each of which is equipped with
two ellipsoidal mirrors, with surface sprayed with gold, as shown in Fig. 2.1(a).
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In Fig. 2.1(b), I plot the vertical cross section of the floating-zone furnace.
Inside the mirrors, two Halogen lamps used as heat sources are installed in
the mirrors’ outer focuses. Their light is reflected into the inner focus, which
for both mirrors coincides with the location of the melt. The melt is situated
between the polycrystalline feed rod (upper shaft) and the seed rod (lower
shaft), and held in place by surface tension, only. Feed rod and growing
crystal spin in opposite directions to guarantee a homogenous melt as well as
a homogenous temperature distribution in the melt. Feed rod, melt and crystal
are located within a sealed quartz tube, which allows performing crystal growth
in a controlled atmosphere. Crystal growth is initiated by a slow downward
translation of the feed rod and the lower shaft, which effectively corresponds
to a melt traveling along the feed rod. The optimum/maximum growth speed
depends on the material and varies between a few tenths of a millimeter and
several centimeters per hour. The diameter of the crystal is controlled by the
diameter of the feed rod, and the ratio of the translation velocity for the feed
and seed rod.

Feed rod

Ellipsoidal Mirror

Melting zone
olled atmosphere

/ |
Quartz tube;&\

+

Seed rod

Figure 2.1: (a) The front of an image furnace used in TSFZ technique, and
(b) schematic of the vertical cross section of the floating-zone furnace.

For growing Lay,_,Ba,CuO,, LayO3, BaCOj3, and CuO powders were used
as raw materials of the feed rod and the solvent. For the feed rod, the pow-
ders were mixed in their metal ratios. Extra CuO was added to the powders
in order to obtain tightly sintered feed rods in the sintering process and also
to compensate for evaporated Cu during the growth. (The amount for extra
CuO depends on the growth temperature, which can be seen from Table 2.1.)
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The mixed powders were then ground in an agate mortar and calcined in air
at 970 °C for 24 hrs. Then the process was repeated twice to obtain homoge-
neous powders. The fine powders obtained were put into thin-walled rubber
tubes and formed into cylindrical rods under a hydrostatic pressure of 4 kbars.
The dimensions of the rods were 6-8 mm in diameter and 250 mm in length,
typically. One of the most serious problems in the growth process is deep
penetration of the molten zone into the feed rod, which makes the molten
zone unstable. To avoid this, it is important for the feed rod to be sintered
to achieve as higher density as possible. Therefore, we tested the sintering
temperature for each composition and the final sintering was performed under
the optimized temperature results for 24 hrs in air. For the solvent, the com-
position of the raw materials was richer in Cu; typically La; 7Bag3CusO, in
the molar ratio. The solvent was calcined at 900 °C and then cut into small
pieces. About 0.4 g was used for each growth. The seed rods were prepared
either in the same way for preparing feed rods or cut from feed rods, and used
to hold the solvent and the melted zone.

Then the seed rod, solvent and feed rod were put into the image furnace
and grown under certain O, pressure. The zone traveling rate was 1.0 mm /hr
and the rotation speed of the feed rod and the grown crystal was 30 rpm in the
opposite direction. The whole growth process is summarized in Fig. 2.2 and
some of the conditions are listed in Table 2.1. Some trends can be seen from
Table 2.1: with increasing Ba doping, the melting point for the compound
decreases, which requires less extra CuO to compensate the evaporations; the
higher the Ba doping, the higher the pressure it needs. At present, the highest
pressure we can reach is 11 bars in our system.

Table 2.1: Some conditions for Lay_,Ba,CuO, growth. =z, Ba doping; T,
sintering temperature; y, extra CuO, and P, oxygen pressure.

z (%) T (°C) y (%) P (bars)

2 1260 3 2

4 1260 2.5 2
9.5 1260 2 4
11.5  1257.5 1 11
12.5 1255 0.5 11
13.5 1240 0.5 11
15.5 1225 0 11
16.5 1220 0 11
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Mix, grind and calcine powders at 970°C for 24 h, 3 times
Put in rubber tube and hydrostatically press at 4 kbars
Sinter for 48 h

Seed rod Feed rod Solvent

Figure 2.2: A flow chart example of the growth process for La, ,Ba,CuQO,
with TSFZ technique, as described in the text.

2.1.2 Sample characterization

Fig. 2.3(a) shows an entire as-grown crystal rod for Lay_,Ba,CuOy (z =
13.5%), with ¢ axis roughly perpendicular to the growth direction. The next
thing one should do is to check the quality of the crystal. For the crystal
shown in Fig. 2.3(a), for the initial part of the rod (0 cm- 6 cm), the growing
conditions are not optimized, and the growth is not stable. Therefore, the size
of the crystals is not large and the composition may not be right (being affected
by the solvent composition). With growth continuing, the crystal composition
is approaching the feed rod composition by equilibrium diffusion. The [110]
direction is the fastest growth direction for Lay_,Ba,CuQOy. [169] Thus the
individual crystal growing along [110] direction shall become larger and larger;
on the other hand, crystals with other growing directions become smaller and
smaller. At a certain point, the growth becomes stable and eventually, one
individual crystal will occupy the whole cross section. This can be examined
by an optical polarization microscope under which differently oriented crystals
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Figure 2.3: Lay_,Ba,CuO, (z = 13.5%) crystal grown with TSFZ technique.
(a), as-grown rod , and its cross section for the starting part (b), and ending
part of the growth (c).

appear with different colors. For differently oriented crystals, their optical axes
are different and reflect the light in different ways. By using a polarizer and an
analyzer, one can observe the contrast (from the difference of light phase and
intensity) indicated by different colors (to be more precise, the brightness).
Fig. 2.3(b)&(c) are the microscopic images for the bottom and top part’s
polished cross sections. In Fig. 2.3(b), the cross section consists of many small
crystals, indicated by domains of different brightness in the image, while in
Fig. 2.3(c), only one large crystal spreads across the whole cross section.
Single crystals were identified and extracted based on the microscopic
images. The composition of the crystals and the sample homogeneity are
known by measuring the static magnetic susceptibility with a superconducting-
quantum-interference-device (SQUID) magnetometer. It is actually counting
the flux quantum, which is quite small, and allows one to perform the magnetic
measurements accurately. The magnetization was measured under zero-field-
cooling (ZFC) and then heat up in the field. For a superconductor, it enters
the Meissner state below T, and expels the magnetic flux, which can be mea-
sured by the SQUID, therefore, one is able to tell the T, for a particular sample.
For Lay_,Ba,CuO,4 samples which are not superconducting and have antiferro-
magnetic transition, the magnetization will peak at the transition temperature
called Néel temperature Ty . By comparing the phase diagram obtained from
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the the polycrystalline samples for Lay_,Ba,CuQy, [48] we will be able to know
the Ba concentrations. By looking at whether the transition is sharp or not,
one will be able to know whether the sample is homogeneous or not, roughly.
The magnetization data also tells you the Meissner shielding volume fraction,
which can be used to estimate the superconducting volume fraction (V). For
a good superconductor, it should have V' close to 100%.

After checking the crystals’ quality, they can be pre-aligned with backscat-
tering Laue x-ray. * The quality of the samples can also be confirmed in neu-
tron scattering measurements. (It is important to note that neutrons probe
the entire crystal volume.) When we align the samples with neutrons, the
rocking curve for a certain Bragg peak usually turns out to have a full-width-
at-half-maximum (FWHM) of < 1°, showing that the mosaic distribution is
approximately Gaussian and reasonably narrow, thus confirming that the crys-
tal is single domain.

2.1.3 Results of crystal growth

Lots of efforts have been put on crystal growth and Lay_,Ba,CuO, crystals
with doping ranging from = = 0 to 0.155 are now available for measurements.”
For Las_,Ba,CuOy4 (x = 0), it is antiferromagntic insulator. For z = 0.02 and
0.04, they are in the spin-glass regime, where susceptibility shows a cusp and
hysteresis. All other crystals (z > 9.5%) are superconducting. By performing
the magnetization measurements on the superconducting samples, one can ob-
tain the 7.’s as shown in Fig. 2.4(b). For these superconducting samples, their
T.’s and estimated superconducting volume fraction (V) are listed in Table 2.2.
With these high-quality single crystals, neutron scattering experiments can be
performed.

2.2 Neutron scattering technique

2.2.1 Principle of neutron scattering

Neutron scattering is powerful tool in studying the magnetic correlations.
Neutrons are neutral nuclear particle with both particle- and wave-like proper-
ties. Some of the properties are listed in Table 2.3, [183-185] where the nuclear

aX-ray hits a crystal, and then backscatters to a camera. For different crystal orientation
with respect to the direction of the incident x-ray, they will have different patterns, so that
we will be able to know the crystal orientation by analyzing the pattern. We can also rotate
the crystal to the orientation we need and check with x-ray again.

PWe have not managed to get large single crystals for Las_,Ba,CuOy4 (z = 0.165).
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Figure 2.4: Lay ,Ba,CuQy crystals grown with TSFZ technique. (a), an as-
grown rod for Lay_,Ba,CuO, (x = 0.115); (b), magnetic susceptibility mea-
sured with 2 Oe magnetic field parallel to the ¢ axis of the Lay_,Ba,CuO,
crystals with x ranging from 2% to 16.5%; (c) one section cut from the as-
grown rod of Lag_,Ba,CuO, (x = 0.115), and pre-aligned with Laue x-ray,
with ¢ axis pointing vertically. The sample is mounted on the sample holder,
which has 4 degrees of freedom (rotation, tilt along and perpendicular to the
arc, and height), and by adjusting the way of mounting the sample, one can
reach desired orientation. An aluminum can is shown aside the sample, which
we used to contain the sample, and mounted the sample onto a displex.

magneton, puy = eh/2m, = 5.051 x 10727 J-T~!, with e being the charge of
an electron, N is the Planck’s constant h divided by 27, and m,, is the mass a
proton. k is the wave vector defined by 27/), where X is the wavelength for
neutron with the unit of angstrom (A).

Neutrons have many advantages for studying material properties, espe-
cially the magnetic properties. For instance, their wavelength is comparable
with interatomic spacings, and the kinetic energy is comparable with that of
atoms in a solid; neutrons interact with atomic nuclei via very short range
( fm) forces, thus they can penetrate well into the sample, which allows bulk
properties to be measured; their weak interaction with matter aids interpreta-
tion of scattering data; the isotopic sensitivity allows contrast variation; most
importantly, neutrons have magnetic moment which interacts with magnetic
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Table 2.2: Superconducting properties of the Las_,Ba,CuQO, samples.

v (%) T. (K) V(%)
95 32 100

11.5 25 95
12.5 4 <1
13.5 13 28
15.5 30 100
16.5 10 18

Table 2.3: Properties of neutrons.

mass m, 1.675 x 107%" kg
spin 1/2
charge 0
magnetic dipole moment i, —1.913uN
energy fuw (meV) 2.072k>

fields caused, e. g., by unpaired electron spins in a material.

There are two types of neutron scattering process as illustrated in Fig. 2.5(a)
and (b): elastic, where the final energy of neutrons Ey = Ej, the initial energy;
when E; # E;, i. e., there is energy transfer into the sample, it is called inelas-
tic neutron scattering. Here, the laws of conservation determine the energy
transferred to the sample, F and the wave vector Q,

and,
2 2
g, = (k) B = (hky)” (2.2)
2m,, 2m,,

For us, it is more convenient to express energy in hw, with w being the
frequency. The wave vector transfer Q = 27 /d, where d is the interatomic
spacing. For elastic scattering, one obtains the Bragg law from Eq. 2.1, or by
studying the scattering triangle in Fig. 2.5(a):

27 2
— =2 X —sinf, 2.3
thus,
2dsinf = A, (2.4)
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where 6 is the scattering angle.

a

E; k 5

20 \

A3
C
A4
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A6 A2 Al

Figure 2.5: Schematic of (a) elastic , and (b) inelastic neutron scattering; (c),
a triple-axis spectrometer. F;, k;, and Ey, ky, energy and wave vector for
incident and scattered neutrons. Q, wave vector transfer. 6, scattering angle.
A1-6 are angle pairs for three axes, monochromator, sample, and analyzer axis,
as explained in the text.

Before further proceeding, it is necessary to introduce some formulae for
neutron scattering, which are available in Refs. [183-191]. For nuclear Bragg
scattering, the intensity [ satisfies:

1(Q) < N|F(Q)[, (2.5)
where N is the number of unit cells, and F'(Q) is the structure factor,
F(Q) =) bje ', (2.6)
J

where 5]- and R; are the coherent scattering length and the position of a par-
ticular nucleus respectively. Neutron has a magnetic dipole moment equals to
—vun, where 7 is the gyromagnetic ratio and equal to 1.913, so that neutron
can scatter from the magnetic moment of an atom via the dipole-dipole in-
teraction and can be used to probe magnetic structure. For magnetic elastic
scattering, the intensity of magnetic Bragg peaks I);(Q) can be expressed as
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follows using the ordered magnetic moment y,

u(Q) = p*n’p’sin® IF(Q)]*. (2.7)
In this formula, .
p=19f(Q). (2:8)

where 7y is the classical electron radius, g is the Landé splitting factor (g=2 for
spin-only moment), and f(Q) is the the Q-dependent magnetic form factor.
The parameters n, and 3, represent the number of spins in a magnetic unit cell,
and the angle of the spins with respect to the scattering vector respectively.
For inelastic scattering, the differential scattering cross-section with respect
to the corresponding phase variables, defined by the phase space density of
the scattered current, normalized to the incident flux is used. The one most
commonly measured and calculated is the double differential scattering cross-
section, which can be obtained by Fermi’s Golden Rule,

Z s Si>

l

Here, V' is the interaction operator for the neutron with the sample, and s; and
sy are the quantum numbers for the initial and final states of the sample. By
averaging over initial states and summing over final states, and letting P(s;)
being the statistical weight factor for initial state |s;), then,

<sf bZe’Q'” si>
!

d*o NEkr 5 _ow
= —-—2pe Me5(Q,w). 2.11
dQdEy h k‘ip ¢ (Qw) ( )

2

2
"o Mo )2 Ky S(hw+E;—E}). (2.9)

o G %,

V(Q) <=5‘f

2

d*c k¢
g~ h 2= ) S(hw + Ei— Ey).  (2.10)

8i,8f

For magnetic scattering,

where e72"@ is the Debye-Waller factor, and S(Q,w) is the dynamical scat-
tering function, and,

S(Qw) = (0o — QuQs/Q*)S*(Q,w). (2.12)

a?IB
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Here,
[e.e]

dte™™" Yy "9 (82(0)SP(t)). (2.13)

Q) =5 [

Here S5(t) is the 8(= x,y, z) component of the component of the atomic spin
at lattice site r and time ¢, and the angle brackets, (---) denote an average
over configurations. S(Q,w) is related to the imaginary part of the dynamical
spin susceptibility, x”(Q,w) via the fluctuation-dissipation theorem,

1
S(Qw) = X Q@) (2.14)

efhw/kBT)fl

where (1 — is referred to as Bose factor, or detail-balance factor.

From Egs. 2.6, 2.7, 2.10, and 2.11, it can be seen that by doing neutron
scattering experiment, one can obtain information on the static lattice and
magnetic structure (elastic neutron scattering) as well as motion of lattice and
spins (inelastic neutron scattering), 4. e., phonons, and magnetic excitations in
a material.

2.2.2 Triple-axis spectrometer

There are several neutron scattering instruments such as triple-axis, time-
of-flight, backscattering, and neutron-spin-echo spectrometers. Triple-axis
spectrometer is the instrument I used most, and here I will focus on this type
of instrument. It is the most versatile and convenient instrument for use in a
scattering experiment because it allows one to probe nearly any coordinates in
energy and momentum space in a precisely controlled manner. The three axes
correspond to the axes of rotation of the monochromator, the sample, and the
analyzer, as illustrated in Fig. 2.5(c). The incident neutron wave vector k; is
selected by Bragg reflection on a crystal monochromator (determined by Al
and A2 in the figure). The orientation of the vector k; in the sample’s recip-
rocal space is controlled by orienting the sample with respect to it [rotation
around a vertical axis (A3) plus double-goniometer or eulerian cradle]. The
analyzer performs a similar function for the scattered or final beam as the
monochromator—select the scattered wave vector k; by Bragg reflection on a
crystal analyzer (A5, A6). The orientation of the vector ks in the the recip-
rocal space is determined by the value of the scattering angle at the sample
position (A4).
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2.3 Summary

In this chapter, I discussed the floating-zone technique, which I used to
grow the Las_,Ba,CuQ, single crystals, as well as neutron scattering tech-
nique, which is powerful in studying the magnetic correlations. I have also
shown that I have successfully grown high-quality, large-size Lay_,Ba,CuO,
single crystals by the TSFZ method, with Ba concentration ranging from z = 0
to 0.155. With these crystals on hand, and knowledge on neutron scattering,
study on the interplay between stripe order and superconductivity can be per-
formed.
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Chapter 3

Stripe and Superconductivity in
Las_.Ba,CuQO,

In this Chapter, I will present some of our neutron scattering results on
Las_,Ba,CuO,, demonstrating the correlations between stripes and supercon-
ductivity in this system. Some of the results here have been published in
Refs. [151, 192, 193], and some of them are to appear. [194-198|

The neutron experiments were done on SPINS (at NCNR, National Insti-
tute of Standards Technology), HB1, and HB1A (at HFIR, Oak Ridge National
Laboratory). All three are triple-axis spectrometers. For elastic scattering
measurements, Be [pyrolytic graphite (PG)] filters were put before and after
the sample to eliminate higher-order neutrons (neutrons with shorter wave-
length, A\/n, and n > 1). For inelastic measurements, only one filter was
put after the sample. Elastic scans were performed with E; = Ey (= 5 meV
on SPINS, 13.5 meV on HBI, and 14.7 meV on HB1A) mode and inelastic
scans were done with fixed Fy, and varying £;. The samples are mounted
with (H KO0) zone parallel to the scattering plane. (HKO0) is defined with vec-
tors [100] and [001] in tetragonal notation. Data are described in terms of
reciprocal lattice unit (r.l.u.), where 1 r.lu. = a* = b* = 27/a = 1.661 A~!
(a=3.78 A).

3.1 Doping dependence

The fact that superconductivity appears after the suppression of antifer-
romagnetic order makes many people believe that magnetic fluctuations are
promoting the superconductivity, and the static magnetic order is competing
with the superconductivity. [32, 62-65] These arguments seem to hold for the
the magnetic correlations in “stripe” form—the static stripe order is harmful
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for bulk superconductivity, while the dynamic stripes are believed essential
for superconductivity. [62, 154] To examine this, we picked four samples with
Ba concentrations at and around “1/8”, where the strongest suppression of
superconductivity [48] and the presence of strong static stripe order have been
observed [156]—0.095, 0.115, 0.125, and 0.135.

In fact, static stripe order has been mostly observed in compounds with
low-temperature-tetragonal (LTT) symmetry. [62, 156, 159, 199-201] We have
measured the transition temperatures from low-temperature-orthorhombic (LTO)
to LTT phase in the four samples, and the results are shown in Fig 3.1(a). Ex-
cept for the 0.095 sample, we obtained the results by sitting on (100) Bragg
peak and counted the intensity at different temperatures. For the 0.095 Ba
doped sample, we got the results by plotting the (100) peak intensity (obtained
from scans along the peak) as a function of temperature. (100) Bragg peak is
forbidden in LTO but not in LTT phase, therefore, when the sample is cooled
through the phase transition temperature, T, the (100) Bragg peak intensity
increases abruptly, as can be clearly seen in Fig 3.1(a). For these four samples,
Ts’s are 32, 52, 54 and 55 K respectively.

In all four samples, we observed static spin-stripe order, and scans through
one of the four superlattice peaks at 5 K are plotted in Fig. 3.2. We can get
incommensurability ¢ for the four samples, which are 0.105, 0.115, 0.118, and
0.120 r.l.u. respectively. The correlation between ¢ and the doping = has been
predicted from the similarities to other cuprates such as Las_,Sr,CuO, and
YBayCuzO7_,: when hole doping is less than 1/8, § &~ x and saturates at 1/8
at that point. [52, 54, 55, 58, 59, 62, 63, 67, 76, 80, 82] Since ¢ is proportional
to the inverse of the charge modulation period, the § ~ x behavior suggests
that the amplitude of the charge modulation remains constant while the period
decreases with increasing x. This is consistent with an effective segregation of
the doped holes, such that an initially antiferromagnetic CuOy plane is broken
up into antiferromagnetic stripes, with the stripes becoming narrower as the
hole density increases. In the saturated region, where the charge stripes are
separated by about 4 lattice spacings, it seems unlikely that added holes would
be forced into the existing stripes, increasing the hole density per stripe. It
seems more likely that the added holes will form uniformly-doped regions, so
that, with increasing x, the fractional area occupied by stripes at any point in
time will decrease.

As for the strength of the spin stripe, it is quite clear that the order is
strongest in the “1/8” sample, and weakest in the 0.095 Ba doped sample. For
0.115, 0.125, and 0.135 samples, there are very well-defined peaks, while for
the 0.095 sample, the peak is broad, and not well defined. It is clear that the
intensity for the “1/8” doped sample is strongest, which has lowest T, while
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Figure 3.1: Temperature dependence of the intensity for (a) (100) Bragg peak,
and, (b) super lattice peak (0.54,0.5,0) corresponding to the spin-stripe order
for Lay_,Ba,CuOy4 with x = 0.095, 0.115, 0.125 and 0.135. The stripe-order
peak intensity has been normalized to the results of the 0.125 sample. Lines
through data are guides to the eyes.

the 0.095 doped sample has lowest intensity but highest T,.. The intensity for
the 0.095 sample is only ~ 1/10 of that for the 1/8 sample. It clearly suggests
that the more ordered the static spin stripe is, the stronger the T, reduction
will be. This conclusion is completely consistent with previous results showing
that the static stripe order is “bad” for bulk superconductivity. [32, 62-65]
The spin-spin correlation lengths ¢ can also be estimated from the peak
width fitted with a Lorentzian function convoluted with the resolution func-
tion. For 0.095 sample, the peak is very broad, and the correlation length is
the shortest, ~ 100 A; for 0.115 and 0.135 samples, ~ 160 A, and ~ 200 A
for the 0.125 sample. Again, the trend is clear that, £ for the 0.125 sample
is the largest, while it is the smallest for the 0.095 sample, which serves as
another evidence that the static spin-stripe order is competing with the bulk
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Figure 3.2: Scans through one of the magnetic peak (0.5 4 §,0.5,0) (see the
inset) for four Ba concentrations, 0.095, 0.115, 0.125, and 0.135, with scan
direction indicated by the arrow in the inset. Errors represent square root of
the counts. Lines are fits to the data with Lorentzian function convoluted with
the resolution function. The peak intensity has been normalized to the results
of the 0.125 sample.

superconductivity.

The spin-order peak intensities for these four samples are plotted as a
function of temperature in Fig. 3.1(b). The peak intensity is extracted from
the scans at various temperature and is normalized to the results of the 1/8
sample. The onset of the stripe-order peak intensity are ~ 30 K, for 0.095, and
~ 50 K for other three samples. It appears that these temperatures are higher
than the actual stripe ordering temperature T,, which can be obtained from
examining the temperature dependence of the peak width. It is because that
it picks up some low-energy spin fluctuations at higher temperatures, which
will be discussed in later section. Except for the 1/8 sample, others do not
have well-defined width vs. temperature curve, i.e., the development of the
stripe order in other compositions is not as good as in the 1/8. Nevertheless,
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we can estimate the Ti,’s to be ~ 30, 36, 42, and 35 K for the four samples,
with the highest T}, at 1/8, and the lowest Ty, at 0.095. The development of
the stripe order in the 1/8 will be further discussed in § 3.2.

The doping x, T, charge and spin ordering temperature T,,, and Tj,, in-
commensurability ¢, normalized spin-order peak intensity [, at 5 K, and cor-
relation length £ at 5 K are summarized in Table 3.1. From the table, it is
quite clear that the static spin-stripe order coexists with the superconductiv-
ity, and in the meantime, competes with it. It appears that the 0.095 and 1/8
samples are the most interesting ones—one has the highest 7. and the weakest
stripe order, while the other is the opposite, so we did further measurements
on these two samples, as shown in the following sections.

Table 3.1: Doping dependence of the T, and the stripe order in Lay_,Ba,CuQOy.

v (%) T.(K) Ts(K) T (K) 0(luw) I, &(A)

9.5 32 33 30 0.105 0.1 100
11.5 15.5 50 36 0.115 0.8 160
12.5 4.15 53 42 0.118 1 200
13.5 10.5 95 35 0.120 0.8 160

3.2 Spin dynamics in La; g75Baj 195CuQy

For optimally-doped cuprates, the most dramatic change in the magnetic
scattering with temperature is the opening of a spin gap, with redistribution
of spectral weight from below to above the gap. A clear example of this has
been presented by Christensen etal. [139] for Lay_,Sr,CuO4 with z = 0.16.
This is a nearly optimally doped sample without static order, so it is fair to
ask whether there is a spin gap for Lay_,Ba,CuQO,, where static stripe order
is present. In order to answer this question, we performed inelastic neutron
scattering measurements on the 1/8 sample, where the stripe is most ordered.

We performed inelastic scans at one superlattice peak (0.618,0.5,0) along
tetragonal [100] direction with several energies under different temperatures.
It has been shown that the spin dispersion in 1/8 sample has an “hour-glass”
shape and the incommensurability becomes commensurability only at an ex-
citation energy called resonance energy E, ~50 meV [62, 155]. The spectral
weight is greatly enhanced at “FE,”, but the origin of the enhancement is
not clear yet. Within the energy range 0.5-3 meV we used, the magnetic
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peaks are incommensurate in Q. We integrated the intensity for the constant-
energy scans, and converted the integrated intensity to the susceptibility, x”
by Eqn. 2.14, and the results are shown in Fig. 3.3.
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Figure 3.3: The susceptibility x” converted from the constant-energy Q scan
around (0.618,0.5,0) along [100] for different energies and temperatures. Lines
are guide to the eyes, as described in the text.

Figure 3.3(a) shows the susceptibility x” as a function of excitation energy
and in Fig. 3.3(b) I plotted x” vs. temperature. In Fig. 3.3(a), at T =
46 K, where the nominally elastic scattering is very weak, we find that y”
remains almost constant during the whole energy range within the error bar,
which is consistent with a previous study which shows that this is the case in
the 3-12 meV energy range. [156] There appears to be a slight hump around
1.25 meV and indications of a falloff below 0.5 meV. For reference, the dashed
line through the data corresponds to

Few T

(3.1)

with I' = 0.4 meV and IV = 0.5 meV; the energy resolution of the measure-
ment is 0.4 meV (FWHM). If we overlook the small variations with energy,
the general behavior is quite similar to what one would expect for spin waves
in a 2D antiferromagnet even though muon spin relaxation (¢SR) and magne-
tization studies indicate the absence of order. Thus, it appears that we have
an effective spin-liquid state (spatially modulated by the charge-stripe order)
at 46 K. Note that our spin-liquid state is distinct from the much-discussed
quantum spin liquid. [202] For 30 and 5 K, x” drops at ~ 1.25 meV after a
plateau from 3-1.5 meV, which suggests the presence of a gap. Below 46 K,
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the spectrum weight is shifted to F = 0, to the elastic magnetic peak. At low
temperature with a gap, the curves through the data in Fig. 3.3(a) correspond
to

Y (w) = 0.16 [1 + tanh (E }Eg)] , (3.2)

with £, = 0.5 meV at 30 K and 0.7 meV at 5 K. For more detailed character-
ization of the temperature dependence of the gap, we compare x” at 0.5 and
1.5 meV vs. temperature in Fig. 3.3(b). The values are comparable between
T., and T,,, indicating a modulated spin-liquid state throughout this regime.
Near T, x”(0.5 meV) starts to decrease, while x”(1.5 meV) stays roughly
constant, indicating the opening of the gap. Furthermore, the observation
of almost-gapless spin excitations for T,, < T < T,, is consistent with the
appearance of anisotropy in the bulk susceptibility for 7' < T,,. [15§]

The gap observed here is intriguing since a spin gap frequently appears
in the superconducting state at least for optimal doping and above. [81, 83,
136, 141, 143, 203-205] By focusing on the spin-gap energy £,, it is possible to
identify a correlation between magnetic excitations and 7T, that applies to a va-
riety of cuprates. [46] It has been argued that the magnetic excitation spectrum
observed in the cuprates is associated with stripe correlations, and dynamic
stripes may not only underlie the superconductivity in the hole-doped cuprates,
but also be an essential component of the superconductivity. [206] The spin-gap
proximity effect is based on this sort of picture. [66] The correlation between T
and E is predicted by this approach. [138, 148, 204, 207] If the gap observed in
Lay g75Bag 125CuQy is similar to those in Refs. [81, 83, 136, 141, 143, 203205,
which are associated with d-wave superconductivity, then we expect that the
gap, especially such a small one, should be impacted by an applied magnetic
field. [137, 208] We applied a 7-T magnetic field to test this possibility, and
the results are shown in the following section.

3.3 Magnetic-field effect

3.3.1 La1.875Ba0.125CuO4

The role that charge- and spin-stripe orders play in the superconductivity
of cuprates has been quite controversial. It is commonly believed that the
stripe order is harmful for pairing, given the fact that the superconducting
temperature T, vs. hole content = curve shows an anomaly at z = 1/8 for
Lay_,Ba,CuQy, Lay_,Sr,CuO,, and La; ¢_,Ndg4Sr,CuO,, where static spin-
stripe order is observed. [48, 62, 107, 156] However, there has been recent
evidence from transport and susceptibility measurements showing that the
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stripe order is compatible with pairing and 2D superconductivity, although it
can inhibit 3D superconducting phase order. [116, 209]

One possible way to explore the correlation between superconductivity and
spin-stripe order is to apply a magnetic field and study the spin order. One
of such initial studies was done by Dai etal. [210] on YBayCu3Ogg (1. =
63 K). They showed that applying a 6.8-T field along the ¢ axis caused a 30%
reduction in the low-temperature intensity of the resonance peak (at 34 meV).
The lost weight presumably is shifted to other parts of phase space, but it
was not directly detected. (Applying the field parallel to the CuO, planes
has negligible effect.) In an earlier study on YBayCuzO7, Bourges etal. [211]
applied an 11.5-T field and found that the resonance peak broadened in energy
but did not seem to change its peak intensity. The difference in response from
YBayCusOg¢ is likely due to the difference in the upper critical field, H.,
which is about 5 times larger in YBayCuzO; [212].

A series of studies on Lay_,Sr,CuO, [137, 208, 213-215] and LayCuO,44s [216,
217] samples with various dopings have now been performed. For samples with
lower doping, there is a small elastic, incommensurate, magnetic peak intensity
in zero field that is substantially enhanced by application of a c-axis magnetic
field. The intensity growth follows the prediction of Demler et al., [32] who an-
alyzed a model of coexisting but competing phases of superconductivity and
spin-density-wave (SDW) order:

For Lay_,Sr,CuQ, crystals with z = 0.163 [208] and 0.18 [137] there is no
field-induced static order. For an intermediate doping concentration of x =
0.144, Khaykovich etal. [125] have shown that, although no elastic magnetic
peaks are seen at zero field, a static SDW does appear for ugH 2 3 T, which
is consistent with Demler’s proposal.

In contrast, it has been reported that the magnetic field has no impact
on the pre-existing stripe order in Las_,Ba,CuO, (x = 0.095), [162] and
Lay 6_,Ndo4Sr,CuO4 (x = 0.15), although the ordering of the Nd “specta-
tor” moments is affected by the field in the latter case. [218] In all of these
cases, the applied field causes T, to decrease, but the onset temperature of
the magnetic order remains constant or increases slightly. Rather surpris-
ingly, a transverse-field muon spectroscopy study [219] found a substantial
field induced enhancement of the puSR rate for Lay_,Ba,CuO, with z = 1/8,
suggesting increases in both the onset temperature for quasistatic magnetic
order and the low-temperature hyperfine field.

An applied magnetic field can also affect magnetic excitations. For exam-
ple, the spin gap [136] observed in optimally- and over-doped Lag_,Sr,CuQO,
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is readily modified by an applied field. [137, 208, 215] In § 3.2, we report on
the observation of a rather small spin gap of ~ 0.7 meV at low temperature
in Laj g75Bag 105Cu0y4. It would be exciting if this gap were associated with
superconductivity (although the bulk superconductivity appears at a very low
temperature, ~ 4 K, the 2D superconductivity has a pretty high onset temper-
ature ~ 42 K [116] ); however, it could also be due to spin-orbit or exchange-
anisotropy effects, as for antiferromagnetic spin waves. [220] The two possibil-
ities are potentially distinguishable by testing the impact of a magnetic field.

To gain insight into the issues discussed above, we carried out elastic and
inelastic neutron-scattering measurements on La; g75Bag 105CuQy to look at
the magnetic field effect on the spin-stripe order and low-energy magnetic
fluctuations. In this section, we will show that the main effect of a magnetic
field along the ¢ axis is to slightly enhance the spin-order peak intensity, while
the peak width and the low-energy magnetic excitations, as well as the gap
feature, remain unchanged (within experimental uncertainty). By analyzing
the spin-order peak width, we find that the correlation length parallel to the
stripes is larger than that perpendicular to them.

In Fig. 3.4 we plot the background subtracted spin-order peak intensity
(obtained by sitting at the peak position and counting) and width (obtained by
fitting scans through the peak) as functions of temperatures in zero field and in
a field of 7 T. In zero field, the peak intensity starts to grow at ~ 54 K, higher
than the temperature, ~ 42 K, where the peak width reaches its minimum
value. The situation here is similar to that in La; ¢_,Ndg4Sr,CuQOy4, where
the nominally elastic signal detected at higher temperature was attributed to
integrated intensity of low-energy spin fluctuations. [200]

After cooling in a 7-T magnetic field, there is small but clear peak intensity
enhancement, as shown in Fig. 3.4(a). However, the peak width, either along
H or K, is not noticeably affected. When we plot the difference between
H =7T and H = 0 T measurements [Fig. 3.4(b)], it can be seen that the
difference grows as the spin order develops, with the same onset temperature
as the zero-field peak intensity, and reaches a maximum when the peak width
saturates. When taking into account the relative intensity difference S, defined
as (I;r—Ior)/Ior, one can see that it reaches a maximum near 46 K, just before
the zero-field onset of static spin ordering. This behavior suggests a slight
increase in the spin-ordering temperature, a result qualitatively consistent with
the uSR results. [219]

When looking at the peak width [see Fig. 3.4(c)], we found that the width
for the scan along Q = (0.618 + h,0.5,0) is larger than that for the scan
along (0.618,0.5 + k,0). Those widths are obtained by fitting the data with a
Lorentzian function convolved with Gaussian function representing the instru-
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Figure 3.4: (a) Background subtracted spin-order peak (0.618,0.5,0) intensity
in zero and 7-T field. (b) Peak intensity difference between 7- and 0-T mea-
surements, and relative intensity difference S. (¢) Resolution corrected peak
width along H and K directions in zero and 7-T field obtained by the scans
shown in the insets in (c). Lines through the data are guides to the eyes.
Vertical lines denote the onset temperatures, as discussed in the text. Two
horizontal lines in the insets show the instrumental resolutions.

mental resolution. The resolutions (FWHM) at (0.618,0.5,0) along H and K
directions are 0.0078 and 0.0072 r.L.u., respectively. Insets 1 and 2 in Fig. 3.4(c)
show scan profiles along H and K directions at 5 K, from which one can see
that the H scan FWHM is slightly above resolution FWHM, while the K
scan is almost resolution limited. From these scans, it appears that the cor-
relation length parallel to the antiferromagnetic stripes is greater than that
perpendicular to them.

Next we examine the field effect in finer detail by looking at selected
(0.618 + h,0.5,0) scans at 5 and 45 K (see Fig. 3.5). At both 5 and 45 K,
there are well defined peaks at (0.618,0.5,0), well above the background, as
represented by the 55 K data, although the peak at 45 K is much broader
and the intensity is weaker. At 5 K, where we have already seen that the en-
hancement is relatively weak compared to that near 45 K, zero-field and 7-T
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Figure 3.5: Selected elastic scans along Q = (H,0.5,0) in zero and 7-T field
at 5 and 45 K. Solid lines are guides to the eyes. The triangles show 55 K
data as the background, as indicated by the dashed lines. The horizontal line
in (a) shows the instrumental resolution.

data are almost identical when measured with a counting time of 1 min per
point. At 45 K, the difference in intensity is quite apparent—the enhancement
is ~ 20%—while the peak width shows little change.

We have applied different fields from 0 to 7 T at various temperatures to
check the field and temperature dependences of the peak intensity; the results
are shown in Fig. 3.6. It is clear that with increasing magnetic field, the peak
intensity increases but only by a small amount.

We performed inelastic neutron-scattering measurements to study the low-
energy spin excitations. We scanned energy from 0.5 to 2.5 meV at Qg =
(0.618,0.5,0) to look at the peak intensity’s energy dependence in fields of 0
and 7-T at various temperatures, and then the intensity has been converted
to the imaginary part of the dynamical susceptibility x”, which is plotted in
Fig. 3.7. At 60 K, x” is negligible (at the level of sensitivity in this experiment),
and at 45 K, the inelastic signal remains almost constant in the energy range
from 0.5 to 2.5 meV. At 30 K, there seems to be a small gap at low energy,
which are consistent with the results discussed in § 3.2. After applying a 7-T
magnetic field, the inelastic signals do not seem to be affected, as evidenced
from x"(Qq,w).

The field effect is also absent in the Q scans. Constant-energy scans with
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Figure 3.6: Contour map of the spin-order peak (0.618,0.5,0) intensity as a
function of temperature and magnetic field. Circles indicate the fields and
temperatures at which the measurements were performed.

fw = 0.5 and 1.5 meV along (0.618+h, 0.5, 0) in zero field and 7-T field for 30 K
are plotted in Fig. 3.8. These Q scans are not distinguishable, and no mag-
netic field impact on the gap is observable here. Since the spin gap associated
with superconductivity is rather sensitive to magnetic field, the lack of field
dependence seems to rule out a connection between the spin gap and super-
conductivity. Most likely, the gap is due to spin-orbit or exchange-anisotropy
effects; however, even a conventional spin-wave gap should be reduced by an
applied field due to Zeeman splitting of the spin-wave energies. Clearly, much
better counting statistics and higher magnetic field would be needed in order
to detect a finite change due to the field.

There is a sum rule for scattering from spin-spin correlations, and hence one
might ask whether the field induced enhancement of the elastic peak should
result in an observable decrease in the inelastic magnetic scattering. Applying
a 7-T field at low temperature causes an increase in the elastic magnetic sig-
nal of approximately 200 counts per 5 min of counting. The measured energy
half-width of the elastic peak is 0.06 meV; thus, if this were compensated by
a decrease in inelastic scattering spread over an energy range of 1 meV, we
would expect to see a signal decrease of about 12 counts per 5 min. Looking
at Fig. 3.8, such a change would be big enough to be detectable. One possible
reason that such an effect is not seen could be that the decrease in scatter-
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Figure 3.7: x"(Qo,w) with Qo = (0.618,0.5,0) in zero and 7-T field at 30, 45,
and 60 K converted from the integrated intensity.

ing is spread over a significantly larger energy range, in which case the effect
would be in the noise. Another possibility is that the elastic enhancements
come at the expense of spin degrees of freedom associated with 2D supercon-
ducting correlations, as the superconductivity is significantly depressed by the
magnetic field. [116]

To summarize, we have demonstrated that a c-axis magnetic field shows
its impact on the spin-stripe order by causing a slight enhancement of the
spin-order peak intensity, with no influence on the peak width. The biggest
field effect on the intensity is near the onset of spin order. Analysis of the
peak width in zero field reveals that the correlation length of the spin order
along the stripes is greater than that perpendicular to them. Finally, we have
seen a small spin gap with no significant magnetic field dependence.
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Figure 3.8: Scan profiles along Q = (H,0.5,0) at 30 K, with fww = 0.5 and
1.5 meV, in zero and 7-T field. Lines through data are guides to the eyes.

3.3.2 La1.905Ba0.095CuO4

In this section, I am going to show that the the magnetic-field effect on
Lay 905 Bag. 095 CuOy is to enhance the stripe order and induce a superconducting
layers decoupling.

In Las_,Ba,CuQy4, which are layered materials, the coupling between su-
perconducting layers can be extremely weak, resulting only from quantum me-
chanical tunneling. [133, 221] An early proposal [222] that such layers might
be decoupled by parallel magnetic fields was later shown to be theoretically
impossible. [223] Here we show that in Laj go5Bag 095 CuOy, a layered supercon-
ductor with a T, of 32 K in zero field, there is a novel state in which electrical
resistivity remains zero parallel to the layers but is finite, and quite large,
perpendicular to the layers, when a perpendicular magnetic field is applied.
It appears likely that the layer decoupling is a consequence of the enhanced
stripe order by the field, as our diffraction measurements show that the field
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enhances the charge- and spin-stripe order.

The resistivity measurements were performed by the standard four-probe
technique, in a Physical Properties Measurement System from Quantum De-
sign. Different crystals, cut from the same parent, were used for resistivity
measurements with currents running parallel (p)) and perpendicular (p,) to
the planes, and the p) results were confirmed on a third crystal. For p,, the
crystal is 1.1 mm high x 2.7 mm thick, with 1.7 mm between voltage contacts;
for p, 1.3 mm high x 0.8 mm thick, with 2.9 mm between contacts. The dc
measuring current is 1 mA, and repeated measurements at each temperature
were averaged. In the voltage vs. current measurements to determine the crit-
ical current density J., the threshold voltage for finite resistivity is 1.6 ©V. The
x-ray diffraction measurements were performed at beam line BW5 at DESY
using 100 keV photons. The sample is a disk with 5 mm in diameter and 1 mm
in thickness, oriented such that the charge-order reflection was measured in
transmission geometry.

As discussed in Chapter 1, the crystal structure of Las_,Ba,CuQO,4 consists
of CuOy planes, in this case alternating with (La,Ba),Os layers. In the normal
state, the electronic charge carriers are concentrated in the CuO, planes, where
they provide metallic conductivity. For carrier concentrations below that re-
quired for the maximum superconducting 7, (“underdoped” regime), as in our
case, normal-state carrier motion perpendicular to the planes is incoherent. On
cooling towards T, superconducting correlations initially develop within the
planes. [224] Below T, the superconducting phase coherence between planes
is maintained through the Josephson effect, [133, 221, 225] whereby quantum
mechanical tunneling provides coherence even when the intervening layer is
insulating. [226]

We have measured the temperature dependence of pjj and p, in Lay_,Ba,CuOy4
x = 0.095, and investigated the impact of a magnetic field of strength H ap-
plied either parallel (H)|) or perpendicular (H) to the planes. The results are
shown in Fig. 3.9. For the case of H, the field has a drastic effect on p,,
significantly depressing the temperature at which p; — 0. In contrast, the
impact of H)| is rather weak. Turning to the case of pj, we see that the effect
is modest for both H| and H .

For a better view of the resistivity as it approaches zero, we have replotted
the data in Fig. 3.9 in logarithmic form in Fig. 3.10a-d. The remaining data
sets for p, are shown in Fig. 3.11. The resulting phase diagrams defined
by the transition to zero resistivity are presented in Fig. 3.10e and f. For
the case of H,, we find that there is a broad regime where p is zero but
pi is not. A similar but narrower regime is also found for H). (The sharp
peak in p; observed at 27 K for smaller magnetic fields is correlated with
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Figure 3.9: Magnetoresistance in Lay_,Ba,CuO, with x = 0.095. Resistivities
vs. temperature for a range of magnetic fields, corresponding to the configu-
rations: a, p; in Hy; b, pyin Hy;c, py in H); d, p) in H);. The values of poH,
ranging from 0 T (violet) to 9 T (red), are indicated in c¢. The orientations of
the measuring current, I, and the magnetic field are indicated in the insets.

a structural transition, discussed below, and is likely associated with critical
fluctuations. [227])

We have learned, through trial and error, that attempts to measure p
for T' < T, are extremely sensitive to the measurement configuration. For
example, in Fig. 3.12a we compare measurements of p; in poH; = 9 T for
two different choices of the current direction. With the current parallel to
the field, we see p| drop to zero at a high temperature, but with the current
perpendicular to the field, the transition is reduced by ~ 20 K and looks
qualitatively like p,. This difference is easily understood. We are applying
the current in the presence of a high field, so that vortices are present for
T < T.. When the current is perpendicular to the field, the vortices feel a
Lorentz force that pushes them perpendicular to the planes; however, as long
as p, is finite, the vortices cannot move coherently between the planes and the
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Figure 3.10: Transition to the zero-resistivity state. a-d, Resistivities for the

configurations of Fig. 3.9, plotted on a logarithmic scale. e, Zero-resistivity
transitions for p, (blue diamonds) and pj (red triangles) with H,; SC =
superconductor. f, Same as e, but for H,.

measured resistivity remains large. If, instead, we apply the current parallel
to the field, then there is no Lorentz force, and we obtain the true pj.

A different effect is illustrated in Fig. 3.12b. Here we show measurements
on a crystal prepared with two sets of voltage contacts. The current contacts
are at the ends of the crystal, on faces that are perpendicular to the CuOy
planes. The pairs of voltage contacts are on: A) a face perpendicular to ¢, and
B) a face perpendicular to the planes. Case B corresponds to our standard
configuration, as it directly probes the response of the CuO, planes; the results
for p; in H are indicated by the filled symbols in Fig. 3.12b. The results for
case A, indicated by the open symbols, are quite different. Even in the normal
state, the resistivity is apparently larger than for case B, and for 7" < T, and
o1 = 9 T, the measured resistivity remains large until p; heads to zero.
This behavior is clearly a consequence of the extreme transport anisotropy in
the 2D superconductor phase. To properly measure p, the voltage contacts
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Figure 3.11: Further data sets for p, with: a, H,; b, H,.

must be connected to the same planes to which the current is applied.

Is this anisotropic behavior representative of the bulk of the sample? Could
there be a tiny amount of a second superconducting phase that short circuits
the measurement for p; but not for p,. To test this possibility, we have
performed measurements of voltage vs. current in ugH = 0 and 9 T, and the
results are shown in Fig. 3.13. In both cases, the highest temperature data
(red) are in the normal state; there, the slope is 1 for I 2 1 mA, indicating
ohmic behavior. In Fig. 3.13a, we can see that a finite current threshold
(critical current) develops for finite voltage as T is reduced through T.. (The
voltage minimum, indicated by the dashed line, is determined by the resistance
in the contacts.) In Fig. 3.13b, where a large field is present, the V' vs. I curves
at lower temperatures show rounded transitions to resistive behavior. We have
estimated the critical current by choosing a small voltage threshold (1.6 pV)
where the resistance definitely becomes finite; however, it is not possible to
rule out finite dissipation at lower currents.

The critical current density .J. determined from Fig. 3.13, at which p) be-
comes finite are shown in Fig. 3.14. We find that J,. grows exponentially below
the temperature where p| — 0, and rapidly exceeds our ability to directly mea-
sure it. For reference, the critical current density of a good superconductor at
T < T.and H=01is1x 105 A/ecm?. We conclude that we have observed a
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Figure 3.12: Comparison of measurements with alternate configurations. a,
Results for p in poH); = 9 T with current perpendicular (open circles) and

parallel to the field (filled circles). b, Results for p; measured in H, with
voltage contacts on a crystal face perpendicular (open diamonds) and parallel
to the crystallographic ¢ axis (filled symbols), as indicated by the insets. In
both cases, violet symbols correspond to zero field, red to ugH, =9 T.

bulk effect. Could we have most layers superconducting and a small fraction
insulating? Such a scenario could not explain the observations for pgH, =7 T
and 15 K < T < 25 K, where p, is greater than in the normal state. In fact,
between 30 K and 28 K, p, increases faster than any extrapolation of normal
state behavior, while pj| is rapidly dropping. We conclude that A, induces a
decoupling transition, resulting in a quasi-2D superconducting phase; we also
find a 2D superconducting phase for p)|, but for a narrower temperature range.
In principle, 3D correlations can survive through electromagnetic coupling of
the supercurrents that screen the magnetic field [228]; such interactions may
be essential to the stability of the 2D superconducting phase in the presence
of a substantial magnetic field. There is supporting evidence for decoupling
from a recent optical reflectivity study on closely related Lay_,Sr,CuO, with
x = 0.10, where it was observed that the Josephson plasma resonance, a mea-
sure of the interlayer Josephson coupling, is completely suppressed by modest
magnetic fields perpendicular to the planes. [133] (The H transition field vs.
temperature is slightly above our line for Lay_,Ba,CuO, x = 0.095). This
leads to the question: what suppresses the Josephson coupling?

The applied magnetic field penetrates the superconductor as quantized flux
lines screened by vortices of supercurrent. Meandering of the vortices from
layer to layer can greatly weaken the average Josephson coupling, [229] but
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Figure 3.13: Voltage vs. current measurements. poHd, =0T, a; 9 T, b. Each
curve corresponds to a different temperature, as indicated in the legends.

is not expected to cause 2D superconductivity. Instead, spin-stripe order has
been associated with vortices in Lay_,Sr,CuQOy. [214, 215] For Lay_,Ba,CuO,
x = 0.095, we have shown that weak spin stripe order develops in zero field
below a structural phase transition at T; ~ 27 K in § 3.1. In our previous
work [194], we also showed that there is charge-stripe order in Las_,Ba,CuO,
x = 0.095. Fig. 3.15 shows that both the spin and charge orders are en-
hanced by H,, while the structural transition is unaffected. In the case of
Lay_,Ba,CuO4 x = 0.125, where the spin and charge order parameters are
much larger, [156, 194] evidence for dynamical decoupling of the superconduct-
ing layers in zero field has been reported. [116] The most likely explanation for
the frustration of the Josephson coupling involves a sinusoidally-modulated,
striped-superconductor phase that competes with the spatially uniform super-
conducting state common to the cuprates. [26, 118, 119] For Las_,Ba,CuOy,
x = 0.095, the Josephson coupling is finite in zero field and comparable to that
in Lay_,Sr,CuOy4 x = 0.10. [230] The field-induced reduction of the Josephson
coupling in Lay_,Sr,CuO4 has been attributed to the field-induced enhance-
ment of stripe order. [133] Consistent with such an interpretation, the impact of
H, and H) in Lay_,Ba,CuQy, is greater for T' S T, than for 7' > Tj;. An earlier
indication of this connection appeared in a study of Nd-doped Las_,Sr,CuQOy,
with x = 0.15. [225]

For completeness, we note that another model of quasi-2D superconduc-
tivity is the “sliding” phase, [231] which is a consequence of special derivative
couplings between the layers. As there is no obvious reason for such cou-
plings to be important in the cuprates, we believe that the sliding phase is not
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Figure 3.14: Critical current density .J. in the 2D superconducting phase. J.
(red circles) measured for current parallel to the planes in pgH = 9 T. For
reference, p, (blue squares) and p (blue diamonds) are also shown.

relevant to the field-induced transition we observe.

There have been studies of magnetoresistance in underdoped Lay_,Sr,CuQOy4
[232] and Lay_,Ba,CuOy [233] crystals, and the divergent anisotropy between
T. in the normal state was clearly identified by Komiya etal. [234]. The
extreme anisotropy in the superconducting state makes the resistivity mea-
surements quite sensitive to sample geometry and alignment, as discussed
above. We suspect that discrepancies between our results and those of earlier
work [233] involve crystal alignment issues. In particular, in preliminary mea-
surements to 18 T, we continue to find no evidence for upturns in p;| before it
drops to zero at T 2 17 K.

We believe that the observed decoupling transition is likely to be of broad
relevance to underdoped cuprates. For example, optical reflectivity studies
of underdoped YBayCu3zO;_, indicate that a modest H, readily suppresses
the superfluid response perpendicular to the planes, but there is no signa-
ture of the depaired quasiparticles one would normally expect to see due to
magnetic-field suppression of superconductivity. [235] The observed response
becomes understandable if H, drives the YBayCu3O;_, sample into a 2D
superconducting phase. Another example involves magnetization studies of
underdoped Lag_,Sr,CuQOy. [236] The transition from irreversible to reversible
behavior with increasing field has been interpreted as a transition to a state
(vortex liquid) in which one would expect to observe finite p||. The decoupled
phase presents a new perspective on such results.
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Figure 3.15: Integrated intensity of the, a, magnetic superlattice peak in

puoH =0T (violet circles) and 7 T (red squares); b, charge-order superlattice
peak in 0 T (violet circles) and 10 T (red diamonds); ¢, (300) superlattice
peak, in 0 T and 10 T as in b.

3.4 Zn doping effect in La; gg5Bag g9;CuQy

We have previously shown that, in Lay_,Ba,Cu;_,Zn,O4, at z = 1/8,
y = 0, the bulk superconductivity is strongly suppressed by the occurrence
of spin stripe order at 42 K. The stripe order is pinned by the LTT phase,
which replaces the LTO phase below 54 K. We have also performed some
measurements on sample with x = 0.095, y = 0, as discussed in § 3.1, where
the bulk susceptibility shows an initial onset of superconducting diamagnetism
at a rather high temperature of 32 K. We have seen that there is an LTO to
LTT transition that starts at ~ 35 K and ends at ~ 27 K, and relatively weak
magnetic superlattice peaks compared to that in x = 1/8, y = 0 sample.

Now we begin to investigate the relationship between superconductivity,
spin correlations, and stripe order with Zn doped Las_,Ba,CuQO4. Zn impurity
effect has been extensively studied in Lay_,Sr,CuQOy, and YBayCuzO7_,. [86,
112, 113, 128-130, 132, 237-252] For Lay_,Sr,CuO, with = = 0.15, substitut-
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ing about 1% or less Zn causes the appearance of excitations within the spin
gap of the Zn-free compound. [128, 132] Substitution of 1.7% Zn is sufficient
to induce weak elastic magnetic peaks. For x = 0.12, where weak elastic mag-
netic peaks are present without Zn, substitution of Zn does not only increase
the peak intensity, but also the Q-widths of the peaks [61, 253]. Wakimoto
et al. [130] have found that Zn substitution into overdoped samples (z > 0.2)
significantly enhances the low-energy (< 10 meV) inelastic magnetic scatter-
ing.

In YBayCuszO7_,, Zn substitution causes weight to shift from FE, into the
spin gap. [86, 254] While it causes some increase in the Q-width of the scat-
tering at E,., [255] it does not make a significant change in the Q dependence
of the (unresolved) incommensurate scattering at lower energies. [86] Muon-
spin-rotation studies indicate that Zn-doping reduces the superfluid density
proportional to the Zn concentration, [246] and this provides another parallel
with the properties of the magnetic vortex state.

3.4.1 Magnetization and neutron scattering results

The work discussed above show that the effects of Zn substitution for Cu
are quite similar to those caused by an applied magnetic field—Zn impurity
induces local magnetic moments and greatly reduces the superfluid density.
Recently, there have been a few reports on Lay_,Ba,Cu;_,7Zn,04, which shows
both charge and magnetic peak intensity enhancements. [164, 256] Compared
to Lag_,Sr,Cu0y4, and YBayCu3zO;_,, the Zn effects on Lay_,Ba,CuQ, are
much less studied mainly because of the limited sample availability, and there-
fore no detailed information on Zn impurity effects on this system is available
at the moment. We successfully replaced 1% Cu by Zn in Lay g95Bag.095 CuQOy,
and got large-size, high-quality single crystal, which enables this study.

Our magnetization measurements show that the T, of the Lay gg5Bag 995 CuO4
sample is reduced form 32 to 17 K by 1% Zn doping, as shown in Fig. 3.16(a).
Obviously, the superconductivity in Laj go5Bag.g95CuQy is greatly suppressed
by the Zn doping. It is interesting to examine the magnetization of the Zn-
free sample. At 27 K, the curve shows a kink, which is likely to be a result
of the structural transition from LTO to LTT phase upon cooling. With this
transition, the superconductivity seems to be affected. It is interesting in the
sense that an order as robust as superconducting order can be affected by this
structural change. In principle, this is consistent with the idea proposed for
the Lajg7sBag105Cu0,4 sample that when the system changes from LTO to
LTT phase, with latter being able to pin the stripe, and thus frustrate the
interplane Josephson coupling, and effectively, induce a layer decoupling, with
superconductivity only appearing in the plane. [116, 209
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Figure 3.16: (a) Temperature dependence of the magnetization mea-
sured with 2-Oe field parallel to the ¢ axis under ZFC condition for
Lay g05Bag.09sCuO,4 with and without 1% Zn. (b) Normalized (to the results
of the Laj g75Bag.125Cu0, sample) spin-order peak (0.605,0.5,0) intensity as a
function of temperature for the two samples. Lines through data are guides
to the eyes.

As expected, with the superconductivity being suppressed, the magnetic
order should be enhanced, which is the case in Fig. 3.16(b), where we plot
the normalized (to the results of Laj g75Bag125CuQy sample) spin-order peak
(0.605,0.5,0) intensity as a function of temperature for both Zn-doped and
Zn-free sample. The spin order in the Zn-free sample is weak, as we discussed
in § 3.1. When we doped 1% Zn and measured the spin-order peak, the peak
intensity is greatly enhanced, and the peak becomes much more well-defined.
As can be seen from Fig. 3.16(b), at low temperatures, the peak intensity is
enhanced by ~ 100%. Also, how the order develops changes. For the Zn-free
sample, it shows a glassy nature, with spins ordering slowly with cooling. For
the 1% Zn doped sample, it certainly becomes ordered more rapidly. Zn is

49



a non-magnetic element, and such a small doping level should not affect the
magnetic order too much itself, but by creating non-superconducting “island”,
it can reduce the superconducting volume effectively. [128, 240] As a result,
the magnetic order is enhanced at the expense of the superconductivity.

Besides, we have done magnetic-field measurements on both samples, which
show that magnetic field induces enhancement of the stripe-order-peak inten-
sity, similar as the results in Laj g75Bag 105CuQy4. All these are evidences that
the magnetic order is competing with the bulk superconductivity.

3.4.2 Thermoelectric power and thermal conductivity

I have also measured thermoelectric power and thermal conductivity on
Lay go5Bag.095Cu0O,4 with and without Zn doping. The thermoelectric power
(thermopower), or Seebeck coefficient of a material measures the magnitude
of an induced thermoelectric voltage in response to a temperature difference
across that material. The thermopower has units of (V/K), though in practice
it is more common to use microvolts per kelvin (uV/K). An applied tem-
perature difference causes charged carriers in the material, whether they are
electrons or holes, to diffuse from the hot side to the cold side, similar to a
classical gas that expands when heated. Mobile charged carriers migrating
to the cold side leave behind their oppositely charged and immobile nuclei at
the hot side thus giving rise to a thermoelectric voltage (thermoelectric refers
to the fact that the voltage is created by a temperature difference). Since a
separation of charges also creates an electric potential, the buildup of charged
carriers onto the cold side eventually ceases at some maximum value since
there exists an equal amount of charged carriers drifting back to the hot side
as a result of the electric field at equilibrium. Only an increase in the temper-
ature difference can resume a buildup of more charge carriers on the cold side
and thus lead to an increase in the thermoelectric voltage. The thermopower
of a material, represented by S, is defined (approximately) as [257, 258]:

S="" (3.4)

and a thermoelectric voltage AV is seen at the terminals.

Thermal conductivity, s, is the property of a material that indicates its
ability to conduct heat. Thermal conductivity is measured in watts per kelvin
per meter (W-K~'m~!. Multiplied by a temperature difference (in K) and
an area (in m?), and divided by a thickness (in m) the thermal conductivity
predicts the power loss (in W) through a piece of material. It is defined
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as [257, 258]:
Q =z
K=——,
At AT
where (), is the heat transmitted during time ¢ through a distance z, in a
direction normal to a surface of an area A, due to a temperature difference
AT. It works under steady state conditions and when the heat transfer is
dependent only on the temperature gradient.

(3.5)

The thermopower and thermal conductivity were measured at the same
time with a four-probes method in a Physical-Properties-Measurement-System
(PPMS). The setup of the measurement is shown in the inset of Fig. 3.17(a).
The sample used has a dimension of 8 mm (L)x0.8 mm (W)x1.3 mm (H, the
length along the ¢ axis). The distance between the two contacts for measuring
the voltage and temperature difference is 2.9 mm. To make such a sample, we
first painted both ends with silver paint for applying temperature gradient.
We also painted two places in the middle of the sample where we want to
measure the voltage and heat with silver paint. After this, the sample was
put into a furnace to anneal at 400 °C for 1 hr, to let the silver paint diffuse
into the sample, which is an important process for making good contacts.
Then, four copper leads were put on top of the silver paint with silver epoxy,
and then mounted on the sample holder for the measurements. During the
measurement, magnetic fields with strength up to 9 T were applied along the
c axis. A steady temperature gradient was applied on the two ends with cross
section A = 1.0 mm?, with heat flowing on the a-b plane, and the temperature
gradient and voltage were measured on the two leads with a distance of x =
2.9 mm. By using Egs. 3.4 and 3.5, we got the in-plane thermopower S,; and
Kab, Which are plotted in Fig. 3.17.

Since S = AV/AT, when the sample enters superconducting state, AV ~
0. This provides another measure of the T,, as shown in the bottom panels
of Fig. 3.17. The T.’s obtained by measuring thermal power are almost the
same as those measured with susceptibility, which are 32 and 17 K for the
Zn-free and 1% Zn doped sample respectively. Before the sample becomes
superconducting, and for low temperature, Sy, can be approximately described
as [259)],

m2kET dn(o)
Sab — )

3e dE

E=Ep

(3.6)

where o is the conductivity, and Ep is the Fermi energy. When the Fermi
surface changes, e. g., due to a structural change, S,;, will be affected, which is
the case in Fig. 3.17(b) in high field. In low field (<3 T), the 7. is higher than
27 K, and the kink which we saw for the higher field is absent because S,;, = 0.
In higher field, the superconductivity is suppressed, and the 7, is lower (than
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Figure 3.17: Thermal conductivity (top panels), and thermopower (bottom
panels) measured in the a-b plane for Laj go5Bag 095 CuO4 without and with 1%
Zn, under different magnetic field strengths, with H L a-b plane. Dashed lines
represent the structural transition temperature. Inset in (a) shows a schematic
for the measurement setup.

27 K), then we saw a kink around 27 K, as indicated by the dashed line. This
is consistent with our previous observation that the structure changes from
LTO to LTT phase at this temperature. However, this kink is also absent in
the 1% Zn doped sample, which is probably because the value of the S, is
too large for the small kink to be pronounced. In other words, there should be
such a kink since there is still a structural transition at a similar temperature
from our neutron scattering measurement, but it is too small to be seen.

For both samples, k, increases from 27 K, indicated by the dashed lines in
both Figs. 3.17(a) and (c). Since the temperature is low, thermal conductivity
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has contributions from both phonons (s”;) and electrons (k%), [260-262]
Kap = KDY 4+ K% = AT + BT, (3.7)

with A, and B being constants, and o ~ 3. In the 1% Zn doped sample, the
electrons seem to have more contributions—with magnetic field increasing, k4,
increases, which indicates that the density of states (DOS) increases by the
magnetic field. ¢ can be roughly taken as [260, 261]

el N<U>)\CV

Rabh = 3N, (3.8)

where N is the DOS, (v) is the mean particle velocity, A is the mean free path,
Cy is the Molar heat capacity, and N4 is the Avogadro’s number. The overall
magnitude of the 1% Zn doped sample is smaller than that of the Zn-free one,
which is likely due to the shortening of A by the scattering by the impurities.

3.5 Summary

In summary, in this Chapter, I have shown results on doping dependence
of stripe order and superconductivity with four samples, Lay_,Ba,CuO, x =
0.095, 0.115, 0.125, and 0.135; magnetic-field effects in x = 0.095, and 0.125
samples; and Zn impurity effects in Laj g5 Bag 95 CuOy4. From these results, I
conclude that the static spin-stripe order is competing with the bulk supercon-
ductivity, consistent with what one expects typically. The consequence of the
stripe order is to decouple the superconducting layers effectively, and induce
a 2D superconducting state, with superconductivity only appearing in the a-b
planes.
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Chapter 4

Iron-based Superconductors

From this Chapter, I will switch gear and discuss the other type of high-T,
superconductors, the Iron-based superconductors.

4.1 Discovery

In the year 2008, researchers witnessed a big breakthrough in condensed
matter physics—a new type of superconductors with high 7T, were discovered,
which broke the monopoly of cuprates as the only high-T,. superconductors. In
fact, the first Iron-based superconductor, LaFePO (1111) was discovered in the
year 2006 by Hosono’s group. [7] However, the T, is ~5 K, which is pretty low,
so not much attention was paid into this new superconductor. In February
2008, the same group reported that by substituting O by F in LaFeAsO, the
T. was raised to 26 K. [8] Soon after that, the T, was raised to 43 K, either
by replacing La with Sm (SmFeAsO;_,F,), [9] or by applying high pressure
(4 GPa) in LaFeAsO;_,F,, [263] and now the highest T, is reported to be
55 K [10]. The discovery of the Iron-based superconductor is probably the
biggest news since the discovery of the Copper-based superconductors in 1986
in condensed matter physics. [5] It ignites tremendous interests in searching for
new superconductors with higher 7., and studying these new superconductors.
Almost every day, there will be progress reported on the preprint server. A
couple of reviews are now available on these superconductors. [264-269]

Until now, besides the 1111 system, there are other three classes of Iron-
based superconductors typified by BaFeyAs, (122), [270-273] LiFeAs (111), [274-
280] and Fe;;,Tey_,Se, (11) [281-286] which have been discovered. The crystal
structures for all the Iron-based superconductors discovered are all tetragonal
at room temperature. [7, 8, 278, 287-295] Schematics for these four types of
structures are shown in Fig. 4.1. The important common aspect for the crys-
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tal structure is that the Fe?* ions form square-planar sheets, where the direct
iron-iron interactions render the d-electrons metallic in nature. This resembles
the case in cuprates, which has CuOs acting as a very important element. It
appears that the layered structure is required for high-7, superconductors.

Among the four systems, the LiFeAs related systems are superconducting
and does not order magnetically nor does the structure distort at low tempera-
tures, [276, 278] which is also the case for the LaFePO related systems [296]. All
the other undoped systems undergo a subtle structural distortion below room
temperature that breaks the tetragonal symmetry. This transition is thought
to be magnetically driven [297]. Doping reduces and eventually completely
suppresses the structural as well as the magnetic transition as superconduc-
tivity develops. [298-303]

LaOFeAs (1111)  BaFe,As, (122) LiFeAs (111) FeTe(Se) (11)

Figure 4.1: Schematic crystal structures for four types of Iron-based supercon-
ductors discovered so far.

4.2 Interplay between magnetic correlations
and superconductivity

Extensive research has been carried out to study the structural and mag-
netic structures in these materials, [294, 304-309] and it is now well estab-
lished that in (1111) (except LaFePO related systems) [298, 299, 310] and
(122) [300-303]) type compounds, the long-range magnetic order is suppressed
with doping, while the superconductivity appears above a certain doping value.
While there are some rare cases where superconductivity appears sharply after
magnetic order disappears, [310] in most systems short-range magnetic order
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coexists with superconductivity over some range of doping. [298-303] Two
representatives [298, 301] of these phase diagrams are shown in Fig. 4.1, from
which one can see that it is what happens in cuprates—superconducting and
magnetic order are competing with each other, as discussed in Chapter 3.
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Figure 4.2: Phase diagrams for CeFeAsO;_,F, [298] and Ba;_,K,FeyAs, [301].

The fact that the superconductivity develops after the suppression of the
long-range antiferromagnetic order, [304, 311, 312] similar as that in the cuprates
suggests that the superconductivity in the Iron-based superconductors is sim-
ilar as that in cuprates—unconventional high-7, superconductivity, with mag-
netic excitations acting as possible glue to pair the electrons. [313-318] In other
words, Iron-based superconductors provide another source to study the high-T7
mechanism, and it is a more promising system, as it offers much more compo-
sitional choices. An essential step in elucidating the role of magnetism in the
superconductivity of these materials is the observation of the “resonance” in
magnetic excitations, where the spectral weight at the resonance energy shows
a significant increase when the system enters the superconducting phase, in a
number of these Iron-based superconductors [319-323]. More recently, a reso-
nance has been reported in the 1111 compound. [324]. The resonance is always
observed at the energy Ay ~ 5kpT,.. These results suggest that the resonance
in the magnetic excitations should be similar across different Iron-based super-
conductor systems, and are closely related to the onset of superconductivity,
and once again, similar as in high-7,. cuprates. [81, 83, 137, 255, 325-333]

In these superconductors, angle resolved photoemission (ARPES) stud-
ies [334-336] have provided evidence for electron and hole pockets that are
nearly nested by the stripe antiferromagnetic wave-vector. [313, 337, 338] A
spin resonance detectable by neutron scattering is predicted to occur at a par-
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ticular wave-vector only if that wave-vector connects portions of the Fermi
surface that have opposite signs of the superconducting gap, so that obser-
vations of the resonance may provide important information relevant to the
symmetry of the superconducting gap. [339, 340]

In any case, to understand the high-T, superconductivity, it will be ex-
tremely promising to study the magnetic correlations in the Iron-based super-
conductors.

4.3 Fe;y,Te; ,Se,

As one can see from the chemical formulae of the four types of Iron-based
superconductors, except the 11 system, all others are un-friendly to human
being and environment. Thanks to the discovery of the 11 compound, we are
able to perform research on the Iron-based superconductors. Since it is the
system I want to study, I will put some more words here.

The superconductivity in 11 compound is discovered in Fe;,Se, with T, ~
8 K. [281]. Later, it was found that by substituting part of Se by Te, the T, can
be increased to ~ 14 K, with Te:Se ratio ~ 11. [282, 283, 286, 341-349] Fe;,,Se
does not exhibit static magnetic order for pressures up to ~ 30 GPa, [284] al-
though short-range spin fluctuations, which are strongly enhanced towards T,
were observed. [350] However, a Tetragonal-to-Orthorhombic structural phase
transition was reported to be at 90 K in Fe; ¢;Se. [351] The superconducting
transition temperature of Fe;,Se was found to increase continuously to 36.7 K
at 9 GPa. [284] The pure Fe;1,Te is not superconducting, and exhibits mag-
netic and structural transition around 65 K. [341, 352-355] As the Fey,,Te is
more like the undoped compound for 1111 and 122 and cuprates, it is more
often referred to the parent compound for the 11 system. [355]

For the 11 system, the tetragonal phase with PbO structure has an Iron-
based planar sublattice equivalent to the layered Iron-based quaternary oxyp-
nictides, which have a layered crystal structure belonging to the P4/nmm space
group. The crystal of the 11 compound is composed of a stack of edge-sharing
Fe(TeSe),-tetrahedra layer by layer, as shown schematically in Fig. 4.1(11).
The crystal structure of the 11 system is relatively simple, which will make
the study easier. Also, it is relatively easy to grow large-size single crystals,
which will be discussed in § 5.1.

Despite that the 11 system shares many similarities with other Iron pnic-
tides and cuprates, it is quite distinct from others.

“Doping” Unlike other systems, where holes or electrons are introduced into
the systems by substituting with inequivalent elements, in the 11 system,
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Figure 4.3: Schematic in-plane spin structure of the 11 compound (a), and
other Iron-pnictides (b). Arrows in different color in (a) indicates spins on
different sublattice. Shadow indicates the magnetic unit cell. From Refs. [298,
305, 353, 356].

superconductivity appears after replacing some Te with the same valance
Se (2+). In this case, the “doping” probably does not bring in extra
electrons or holes, but to make the description easier, I will continue
using the word “doping” to describe the process that Te is replaced by
Se.

Doping dependence In cuprates, and other Iron-based superconductors, (ex-
cept LiFeAs and LaFePO related systems), superconductivity appears
after suppressing the long-range antiferromagnetic order, and then T,
increases as doping increases, until it reaches a maximum at the optimal
doping, and then 7T, decreases with doping, and finally superconduc-
tivity disappears around doping ~ 30%. [298-303, 310] For the 11 sys-
tem, superconductivity survives even at z = 100%, in the pure Fe;,,Se
case. [281, 357] Furthermore, one may notice that 11 system’s chemical
formula has two variables: Fe can also be non-stoichiometric. These will
be further discussed in the crystal growth part § 5.1.

Magnetic structure Bao etal. [352] found that in the parent compound
Fe;y,Te, the magnetic structure is quite different from that in other
Iron pnictides: i) The ordering wavevector is different. In tetragonal
notation where there are two iron atoms per unit cell, the magnetic or-
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dering vector is (0.5,0) in plane, rotated 45° from that in other Iron-based
superconductors. [294, 304, 311, 352, 353] In other Iron-based supercon-
ductors, the antiferromagnetic order has been predicted by the Fermi
surface nesting mechanism, [315, 316] and spin excitations from the only
known mode at (1/2,1/2) have been proposed as the “glue” mediating
high T, superconductivity in these ferrous materials. [313-318, 358, 359]
Although the same (1/2,1/2) SDW order has been predicted for the
11 compound by first-principle calculation, [360] the magnetic order is
observed to be around (1/2,0) [352]. This raises questions on the mech-
anism of the magnetism and the role magnetism plays in the supercon-
ductivity. [352] Besides, the SDW order can be either commensurate, or
incommensurate, depending on the Fe content. [352, 353] Calculations
using the local spin density approximation for hypothetical stoichiomet-
ric FeTe yield a commensurate magnetic ground state consistent with
that seen experimentally[307, 361]; however, the (0.5,0.5,0.5) SDW or-
der is calculated to have the lowest energy for FeSe. [361]

Nevertheless, the resonance is still observed to be near the antiferromag-
netic (1/2,1/2) point below T in FeTeq Seq 4, [362] and FeTey 5Seq 5, [363]
which suggests that the resonance in the magnetic excitations should be
similar across different Iron-based superconductor systems, and are con-
necting to the superconductivity intimately.

4.4 Summary

In this Chapter, I have introduced a new high-7, superconductor system,
the Iron-based superconductors, which provides more opportunities to study
the interplay between superconductivity and magnetism. The system I will
study is the 11 system, since it is much more human and environmentally
friendly, compared to other systems. Although the pace of the research has
been extremely rapid, it is still a new field, and there are many things left
to be done. First, I will study the doping evolution of the magnetic order
(§ 5.2.2). Second, I will study the magnetic excitations close to where reso-
nance is observed [(0.5,.5)] in an optimally doped system (§ 5.2.3). Then, I
will check the magnetic correlations around two in-plane wavevectors (0.5,0)
and (0.5,0.5) (§ 5.2.4). Of course, before all these can be done, crystals have
to be available, and the method for growing the crystals and the results on
the crystal growth will be presented in § 5.1.
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Chapter 5

Crystal Growth and Neutron
Scattering on Fe; ,Te; _,Se;

In this Chapter, I will first discuss the crystal growth of the Fe;,,Te;_,Se,
superconductors, and present the crystals grown with the horizontal unidirec-
tional solidification method. Then I will show our neutron scattering results on
the interplay between magnetism and superconductivity in this system. This
Chapter includes some of the works published in Refs. [364-367], and in some
which are to appear. [368-370]

5.1 Crystal growth

We have tried floating-zone, Bridgman, and horizontal unidirectional so-
lidification methods to grow single crystals for Fe;,,Te;_,Se,, and it turns out
that the latter gives the best results, and the crystal growth using this method
is described below.

The raw materials used for the crystal growth are 99.9999% Te, 99.999%
Se and 99.98% Fe pieces. They were weighed and mixed with the desired
molar ratio, and then double-sealed in high-purity (99.995%) quartz tubes in
vacuum, which were then put in the furnace horizontally. In the furnace, a
certain temperature gradient was applied from one end to the other (e. g., at
850 °C, AT/distance ~ 5 °C/cm). The quartz tubes were heated to 660 °C,
and the temperature was maintained for 12 hrs; then heated to 900 °C and
stayed there for 12 hrs, and then at 1050 °C for another 12 hrs. At 1050 °C, the
quartz tubes were rocked for 2 hrs before they were cooled to 930 °C in 0.5 hrs,
and then cooled with a cooling rate of 2 °C/hr to 300 °C, after which they were
cooled to room temperature. The schematic of the method is shown in Fig. 5.1.
With this method, large-size high quality single crystals can be relatively easily

60



grown, and some of the crystals grown with this method is also shown in this
figure. These crystals have nice cleavage surface which is the a-b plane. It saves
a lot of time for aligning the crystals, and provides convenience for surface
studies, such as optical conductivity, Andreev reflection, ARPES, scanning
tunneling microscopy (STM), etc. Now we have large-size single crystals for
Se doping ranging from 0 to 70%, with sample mass up to 25 g for one single
piece. For a certain Se doping, we have different extra Fe concentrations. For
Se doping larger than 70%, it is very difficult to get single crystals. Other
than this, the crystal quality is very good, and many measurements can be
performed on them. [364-369, 371]

FeTe, sSeys FeTey355€5 65

Figure 5.1: Schematic of the horizontal unidirectional solidification method
for crystal growth and some of the Fe;y,Te;_,Se, crystals grown using this
method.

We have measured the bulk magnetization using a SQUID magnetome-
ter for the crystals and some of the results are shown in Fig. 5.2. For Se
doping < 10%, the system changes from a paramagnetic to antiferromag-
netic state, and the transition temperature Tspy (7) can be obtained from
the magnetization vs. temperature curve. In the lightly underdoped regime
(15% < x < 30%), the magnetization shows a cusp at certain temperature,
and there is a hysteresis under ZFC and FC conditions, and the characteristic
temperature is referred to as a spin-glass temperature Tsg. The T, can be
obtained by the diamagnetic response. With these measurements, the phase
diagram for Fe;;,Te;_,Se, is now available, as shown in Fig. 5.3. The left
part of the phase diagram (z < 70%) is remarkably similar as those of other
Iron-based [40, 41, 298-303, 310] and cuprate superconductors [42-47]—in the
parent compound, there is antiferromagnetic order, which is suppressed with
doping, and then there is a spin-glass regime, with superconductivity possibly
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Figure 5.2: Magnetization vs. temperature for Fe;;,Te;_,Se, crystals.

coexisting; T, increases with x up to 14 K, and then decreases with further
doping. However, the superconductivity extends all the way to 100% Se dop-
ing, which is distinct from other systems. Another interesting thing about
this phase diagram is the excess Iron, which seems to be an important pa-
rameter deciding the crystal’s properties. [285] It turns out that when there is
more extra Fe, the superconductivity is suppressed, and can even be destroyed,
which is consistent with the theoretical prediction that the excess Fe acts as a
magnetic electron donor, [372] suppresses the superconductivity, and induces
a weakly localized electronic state. [373]

5.2 Neutron scattering study

5.2.1 Experiment

Neutron scattering experiments have been carried out on the triple-axis
spectrometers BT-9, BT-7, and SPINS located at NIST Center for Neutron
Research. On BT-9, we used horizontal beam collimations of 40’-40"-S-40'-80’
(S represents “sample”) with E; = Ey = 14.7 meV and two PG filters were
put before and after the sample to reduce higher-order neutrons. On BT-
7, we used collimations of open-50-S-50"-240" with fixed E; = 14.7 meV. On
SPINS, the collimations are Guide-80’-5-80'-240" with fixed £y = 5 meV and a
cooled Be filter was put after the sample for inelastic measurements; for elastic
measurements, an additional Be filter was put before the sample. The data are
described in reciprocal lattice unit (r.l.u.) of (a*,b*, ¢*) = (2n/a,27/b,27/c) in
tetragonal notation with two Irons per unit cell. In this case, a = b ~ 3.81 A,
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Figure 5.3: Phase diagram of Fe;,,Te;_,Se, with y = 0 as a function of  and
T, constructed from single crystal bulk magnetization data. For x = 100%,
the data point is from Refs. [281, 344, 347]. The nominal Fe content, y = 0
unless it is specified. Temperature labels are described in the text.

and ¢~ 6.15 A.

5.2.2 Short-range incommensurate magnetic order near
the superconducting phase boundary

To address the evolution of the magnetic correlations with Se concentration,
we have performed elastic neutron scattering and magnetization measurements
on high quality single crystals with different Fe and Se contents. We show that
there is short-range incommensurate magnetic order in both Fe; g7 Teg 755€q.25
and FeTey;Sep 3 at low temperature. Broad magnetic peaks appear at posi-
tions slightly displaced from the antiferromagnetic wave-vector (0.5,0,0.5) in
both samples when cooled below ~ 40 K. The peak intensity increases with
further cooling and persists into the superconducting phase. The magnetic
peak intensity drops with more Se and less Fe content, and with strengthening
superconductivity.

In the magnetization measurements, each sample was oriented so that the
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Figure 5.4: (a) ZFC magnetization, and (b) background subtracted magnetic
peak intensity measured along [100] (normalized to the sample mass) as a
function of temperature for Fe; g;Teqr755€005, and FeTey,Seqs. Error bars
represent square root of the counts. Lines through data are guides for the
eyes.

(001) plane was parallel to the magnetic field. The ZFC magnetization vs.
temperature for each sample is shown in Fig. 5.4(a), where one can see that
the 25% Se sample only shows a trace of superconductivity, while the 30% Se
sample clearly has a T, ~ 13 K. We estimate that the superconducting volume
fraction for the latter sample is ~ 1%. The inset of Fig. 5.4(a) shows that the
paramagnetic magnetization grows on cooling, and is greater in the sample
with less Se (and more Fe). The paramagnetic response does not follow simple
Curie-Weiss behavior, so it is not possible to make a meaningful estimate of
effective magnetic moments. For the 25% Se sample, there is a shoulder at
~ 60 K which could be due to 2-3% of Fe;.,Te as a second phase, which has
a magnetic phase transition temperature of ~65 K. [353]

In our elastic neutron scattering measurements, each sample was aligned on
the (200) and (001) nuclear Bragg peaks with an accuracy and reproducibility
in longitudinal wave vector of better than 0.005 r.l.u.. For the magnetic peaks,
linear scans were performed along [100] and [001] directions at various temper-
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atures. The temperature dependence of the peak intensity is summarized in
Fig. 5.4(b), and representative scans are shown in Fig. 5.5. No net peak inten-
sity is observed at 60 K, but a weak magnetic peak appears at slightly lower
temperature, growing in intensity with further cooling. For Feq o;Teq 755€q 25,
the magnetic structure is clearly incommensurate, and the peak position is
determined to be (0.5 —0,0,0.5), with § = 0.04 r.l.u. From Fig. 5.5(a), we did
not observe a peak at (0.5+49,0,0.5). For FeTeq 7Seq 3, the magnetic peak cen-
ter is at (0.48,0,0.5), although this differs from the commensurate position by
less than the peak width. Our observations are qualitatively consistent with
the previous result [352] for Fe; gsTeg 75€0.33, where the magnetic peak is at
(0.438,0,0.5); it appears that both the Fe and Se concentrations impact the or-
dering wavevector. We have also searched for SDW order around (0.5,0.5,0.5)
in the (HH L) zone, but no evidence of magnetic peaks was found.

Fe1.07Te0.7SSe0.25 FeTe0.7se0.3
500 (a) ‘ " S5k ‘ ‘

400
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Figure 5.5: Short-range magnetic order in Fe;;,Te;_;Se,. The left and right
columns show the magnetic peak profiles for Fey o7 Teg 755€¢0.25 and FeTeqy 7Seq 3,
respectively. Top and bottom rows are scans along [100] and [001] respectively.
(a), (b), and (c) are data taken at various temperatures. For the 30% Se
sample, there is a temperature-independent spurious peak in the [001] scans,
so in (d) we only plot 5 K data with the 60-K scan subtracted. All data are
taken with 1 minute counting time and then normalized to the sample mass.
The lines are fits to the data using Lorentzian functions.
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Figure 5.6: (a) Inset shows the commensurate magnetic unit cell within a
single layer of Fe;;,Te, with spin arrangements in a-b plane; solid line shows
the calculated scattering intensity assuming uniform exponential decay of spin
correlations. (b) Dashed line shows the magnetic structure factor | F'|? and solid
line shows calculated intensity for exponential decay of correlations between
ferromagnetic spin pairs (inset). (c¢) Same as (b) but for exponential decay of
correlations between antiferromagnetic spin pairs.

At 5 K, the peak width for Fe; g7 Teg755€0.25 [100] scan is 0.10 r.L.u., which
corresponds to a correlation length of 6.1(1) A. The width along [001] is
0.20 r.Lu., giving a correlation length of 4.9(1) A. As can be seen from Fig. 5.5,
the peaks for FeTeq;Seq 3 along [100] and [001] are broader than their coun-
terparts for Fey g7 Teg 755€0.25, and the correlation lengths are determined to be
3.8(1) A along [100] and 3.3(1) A along [001]. Also, from Fig. 5.4(b), one can
see that the magnetic peak intensity for Fey o;'Teg 755€0.25 is always higher than
the other one. Although the SDW order is short-ranged in both compounds,
and starts at around the same temperature, ~ 40 K, the order is apparently
stronger in the 25% Se sample.

The magnetic structure of the parent compound Fe;,,Te can be described
by the schematic diagram in the inset of Fig. 5.6(a), which is adopted from
Refs. [352, 353]. Here the magnetic structure consists of two spin sublattices.
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The spins in both sublattices are found to be aligned along the b axis. Within
each sublattice, the spins have an antiferromagnetic alignment along a and ¢
axes, and ferromagnetic along the b-axis. The spins have a small out-of-plane
component, but here, for simplicity, we are only considering the components
in the a-b plane. With low excess Fe, [353] this configuration gives rise to
magnetic Bragg peaks at the commensurate antiferromagnetic wave-vector
(0.5,0,0.5). The extra Fe is considered to reside in the interstitial sites of the
Te/Se atoms. [352] With more excess Fe, the ordering wavevector becomes
incommensurate, which can be explained by a modulation of the ordered mo-
ment size and orientation, propagating along the a axis. [352] The connection
between excess Fe and the transition from commensurate to incommensurate
order has been modeled theoretically. [374]

With Se doping, the magnetic order is depressed and becomes short ranged.
It is intriguing that magnetic order can survive without a lowering of the lattice
symmetry from tetragonal, although perhaps there are local symmetry reduc-
tions on the scale of the magnetic correlation length. The incommensurability
is also interesting. A uniform sinusoidal modulation of the spin directions or
magnitudes will give incommensurate peaks at (0.5+9,0,0.5), whereas we see
a peak only on the —d side. One can model this with phase shifted modula-
tions on the two sublattices, but the modulation length required to describe
the incommensurability is much greater than the correlation length.

We have found that a simple description of the incommensurability can
be obtained when the decay of correlations between ferromagnetic nearest-
neighbor spins is different from that of antiferromagnetic spin neighbors. We
will consider correlations only along the modulation direction within an a-b
plane, and assume that they are independent of correlations in the orthogonal
directions. Let us break the spin system into perfectly correlated nearest-
neighbor pairs, with exponential decay of the spin correlations from one pair
to the next along the a axis. The neutron scattering intensity can then be
expressed as [375]

1—p?

I |F|?
< |F] 1+ p? — 2pcos(2mh)’

(5.1)

where F' is the structure factor for the selected pair of spins, A is the wave-
vector component along the a axis, and

p=—e"Y¢ (5.2)

p is the correlation function between neighboring pairs, where the negative
sign suggests that the inter-pair correlation is antiferromagnetic; and £ is the
correlation length. (In all cases discussed below, we set £ = a.)
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Let us first consider the case of ferromagnetic spin pairs with exponentially
decaying correlations between pairs, as illustrated in Fig. 5.6(b). The structure
factor for this case corresponds to

|F|” = 4cos®(i7h), (5.3)

as indicated by the dashed line in Fig. 5.6(b). Plugging this into Eq. 5.1
gives the solid line shown in Fig. 5.6(b). Note that the calculated peaks are
incommensurate, with the peak near h = 0.5 shifted to lower h. Alternatively,
we can start with an antiferromagnetic spin pair, in which case

|[F|” = 4sin*(i7h). (5.4)

This yields the result shown in Fig. 5.6(c), with the peaks shifted in the op-
posite direction. If the decay of correlations is identical for ferromagnetic and
antiferromagnetic nearest neighbors, then we can average over these two cases,
obtaining | F'|* = 2; the resulting commensurate peaks are shown in Fig. 5.6(a).

Our experimental results look similar to Fig. 5.6(b). This suggests that the
ferromagnetic correlations are stronger than the antiferromagnetic ones. For
the model illustrated in Fig. 5.6(b), the incommensurability grows as the cor-
relation length gets shorter. The trend in our two samples does not follow this
relationship; however, one could describe a more general relationship between
the ferromagnetic and antiferromagnetic correlations by taking a weighted av-
erage of Eqs. 5.3 and 5.4.

In summary, we have observed short-range magnetic order in Fey o7 Teg 755€0.25
and FeTey 7Sep.3. In both samples, the magnetic order is incommensurate and
only observed on one side of the commensurate wave-vector (0.5,0,0.5), which
is likely a result of the imbalance of ferromagnetic/antiferromagnetic correla-
tions between neighboring spins. The parent compound Fe;,Te is not super-
conducting, [352, 353] and the optimally doped sample with 50% Se has no
static magnetic order [362]. Our samples have Se content lying in the mid-
dle, where we see that with larger Se doping, the SDW order becomes weaker,
while the superconductivity is enhanced. This could imply the coexistence and
competition between SDW order and superconductivity in this system, similar
to other Iron-based [298-301, 316] and cuprate superconductors [32, 48, 376].
This is consistent with recent theoretical works which predict the competition
in the Iron-based superconductors. [377] Interestingly, in the Fe;y,Te;_,Se,
system, the SDW order and superconductivity can be tuned not only by dop-
ing Se, but also by adjusting the Fe content. [285, 341, 372] Our results are
completely consistent with these results—with less Fe and more Se, the SDW
order is weaker; with more excess Fe and less Se, superconductivity is weaker.
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5.2.3 Effect of magnetic field on the spin resonance in
FeTe( 5Se 5

Incommensurate resonance

As discussed in the previous Chapter, a spin resonance has been observed
to develop below T, in Fe;;,Te,_,Se, with x = 0.4 and 0.5 at the in-plane
wave vector (0.5,05) and an energy of 6.5, and 7 meV respectively. [362, 363]
We have confirmed the presence of a resonance in our x = 0.5 sample, as
shown in Fig. 5.7(a). The wave vector is the same as the magnetic ordering
wavevector found in other Iron-based systems, which is different from the
ordering vector in the 11 compound by 45°. [266, 352, 353, 362] In the normal
state, 20 K, an energy scan at the constant Q = (0.5,0.5) results in an almost
flat intensity vs. energy hw profile. [Fig. 5.7(a)] Below T, the spectral weight
is greatly redistributed—at hw = 6.5 meV, the intensity is greatly enhanced,
while that below 5 meV is reduced, showing a gap-like feature. The intensity
enhancement at 6.5 meV is referred to as “resonance”. In Fig. 5.7(b), I plot
the resonance peak intensity as a function of temperature, from which one
can see that the resonance develops like the superconducting order parameter,
with onset temperature around 7, obtained from the magnetization results, as
shown in Fig. 5.7(c). The intensity I(7") was fit with the mean-field theory [260]
using 7. determined by the onset of the diamagnetism in Fig. 5.7(c), with
I(T) = I(0)(1 = T/T,)"/> + A, where 1(0), and A are constants. This formula
results in the solid lines, which fit the data reasonably well. This is a strong
evidence that the resonance is closely tied to the onset of superconductivity.

More interestingly, we found that the resonance is in fact incommensurate
in Q, peaking at (0.5 + 0,0.5 F §), in a direction transverse to (0.5,0.5). The
results on the Q dependence of the magnetic response at the resonance en-
ergy of 6.5 meV are plotted in Fig. 5.8. Transverse scans along [110] exhibit
pair of peaks as shown in Fig. 5.8(a), while longitudinal scans only show a
broad peak centering at (0.5,0.5), as shown in Fig. 5.8(b). In both cases, the
intensity is enhanced when the sample is cooled below T, which is evident
from both Figs. 5.8(a), and (b). In the upper inset of Fig. 5.8(a), the data
at 1.5 K was subtracted from the 20 K data, which still gives a double-peak
shape. The color-coded plot of intensity vs. Q at 6.5 meV and at 1.5 K,
Fig. 5.8(c), demonstrates an intriguing anisotropy: the transverse peaks are
not reproduced along the longitudinal direction. Our collaborators have per-
formed ARPES measurement on the sample and found the Fermi surface near
(1/2,1/2) appears to consist of four incommensurate pockets. [366] In a Fermi-
surface nesting picture, one would expect to see one pair along the longitudinal
direction from the nesting between a hole pocket and the four electron pockets.
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Figure 5.7: (a) Energy scans at (0.5,0.5) below (5 K) and above (20 K) T,
14 K. (b) Resonance peak intensity, obtained by sitting at Q = (0.5,0.5), and
hw = 6.5 meV and counting for 10 min per point. (c) Bulk susceptibility
measured under ZFC conditions, with a field of 5 Oe parallel to the a-b plane.
Lines are guides to the eyes, except that the the solid line in (b) is fit to
the data using a mean-field theory, [260] as described in the text. Error bars
represent square roots of counts, and dashed lines indicate the T..

Anyhow, it explains the the incommensurability of the resonance peak. For
other energies and temperatures above T, the anisotropy still persists. Similar
results have been reported by a couple other groups, [363, 378-380] which sug-
gest that the magnetic excitations are anisotropic, dispersing only along the
transverse direction to (0.5,0.5). This is certainly not the the spin-wave like
excitation, as in CaFeyAsy, [381, 382 in which case one would expect to see
cone-shaped dispersions. While the Fermi surface nesting is in principle com-
patible with the observation of the incommensurate resonance, the dispersion
of isolated intensity peaks along a single direction is quite unusual and requires
consideration of factors beyond the degree of electronic correlation. In fact,
this puzzle is solved by considering coupling of spin and orbital correlations,
which will produce anisotropic form factor, and a dispersion only along the
transverse direction. [366]
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Figure 5.8: Incommensurate resonance in Q, peaking at (0.5 + 6,0.5 F §),
transversely to (0.5,0.5), at iw = 6.5 meV. (a) and (b) show the Q scans at
1.5 and 20 K, below and above T,., with scans directions shown in the left
insets. Upper right inset is obtained by subtracting 20 K data from 1.5 K
data. (c) is the plot of the Q dependence of the intensity at 6.5 meV.

Magnetic-field effect

Now we turn to the magnetic-field effect on the resonance. If the observed
resonance is intrinsically related to the superconductivity, and since the super-
conductivity, and hence the pairing, is sensitive to magnetic field, one would
naturally expect that an external magnetic field can also impact the resonance
accordingly, as seen in YBayCuzOg [383] and in Laj goSrg15CuOy [384]. In-
deed, the magnetic field effect on the resonance in Fe-based superconductors
has been observed in the 1:2:2 system BaFe; gNig;As,,[385] where the reso-
nance energy and intensity have been partially reduced by an external field.
We have carried out an inelastic neutron scattering study on FeTeq 5S¢y 5 to
study this problem. We find that in a 7-T magnetic field parallel to the a-b
plane, the superconductivity is partially suppressed, with reduced T, of 12 K.
In the field, the resonance starts to appear at the reduced T, with lower in-
tensity than that measured in zero field. This behavior demonstrates that the
magnetic excitations have a close association with the superconductivity.

In Fig. 5.9, we show background (20 K data, zero field) subtracted scans
performed at different temperatures. At T = 12 K, the difference between
data taken with and without the field is very clear. With further cooling, the
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Figure 5.9: Constant-Q scans at (0.5,0.5,0), after subtraction of the zero-filed
scan at 20 K. (a) T =4 K, (b) 8 K, (¢) 12 K, for yoH =0 T (circles), and 7 T
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difference is still observable but becomes less pronounced. At T = 4 K, the
peak intensity for the 7-T scan is about 10% to 20% smaller than that of the
zero-field data, while the 7-T spectrum seems to have more intensity filled in
below the gap (~ 5 meV). We have also performed Q scans at the resonance
energy with and without field. Due to the large background, the results are
inconclusive and therefore are not shown.

There is a sum rule for scattering from spin-spin correlations, and hence
one might expect that the reduction of the resonance intensity by the field
should result in an increase of spectral weight below the gap, as commonly
seen in cuprates, [193, 208, 386, 387] as well as in BaFe; gNig;Asy [385]. As
discussed above, it is consistent with our results in principle, but the large
background makes it impossible to follow the behavior to lower energies. In
cuprates, Demler etal. analyzed a model of coexisting but competing phases
of superconductivity and SDW order, [32] and successfully predicted the field-
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indicate the 7,’s. (b) Resonance intensity at (0.5,0.5,0) integrated from 6 meV
to 7 meV. The solid lines are fits using mean-field theory, with 7, obtained
from (a). Inset shows the difference of the resonance intensities for 0 T and
7 T, integrated from 5 meV to 8 meV.

induced static magnetic order observed experimentally. [84, 214, 376] We have
searched for SDW order around (0.5,0.5), but no evidence of such field-induced
order was found.

We have measured the bulk susceptibility in 0-T and 7-T field as well,
and the results are shown in Fig. 5.10(a). In zero field, the system enters a
superconducting state at 14 K, and becomes fully diamagnetic below 12 K.
In the 7-T field, superconductivity is partially suppressed, and T, has been
reduced to 12 K. As a result of the suppressed superconductivity, the resonance
intensity has also been reduced as shown in Fig. 5.9.

Fig. 5.10(b) gives another perspective of the impact of the field on the
resonance. There we plot the intensity, integrated from 6 meV to 7 meV, as
a function temperature obtained for the measurements with and without the
field. The intensity I(7') was fit with the mean-field theory [260] using 7.’s
determined by the onset of the diamagnetism in Fig. 5.10(a). In both 0 T
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and 7 T, the resonance intensity starts to appear below respective T, and
increases with cooling. At low temperatures, the intensity at 7 T is lower than
the zero-field value. To confirm that the intensity is reduced at 7 T, we plot
in the inset of Fig. 5.10(b) the difference between intensity at 0 T and 7 T,
Al integrated from 5 meV to 8 meV; one can see that the intensity difference
is well above zero.

With Fig. 5.10, one can better understand the results in Fig. 5.9, especially
the most pronounced field effect at 12 K. In zero field, the sample is in su-
perconducting state at 12 K, where the resonance has finite intensity; in the
7-T field, the system is driven to normal state at this temperature, and the
resonance intensity is approaching background level.

From the data, it is clear that the magnetic field depresses the superconduc-
tivity, and also reduces the onset temperature and intensity of the resonance.
In principle, if the resonance is directly associated with the superconducting
volume of the sample, the intensity ratio I77/Iyr should be roughly propor-
tional to 1 — H/H.o, where H is the applied field, and H, is the upper critical
field. [383] Our results showing a change ~ 10% in the resonance intensity,
suggesting that H. is ~ 70 T, which is comparable to the range estimated in
other studies. [343, 346] Although no significant change in the resonance with
field was identified for the 40% Se sample in Ref. [362], we believe that our
results are consistent with that study within the error bars. The fact that the
field also suppresses the resonance intensity in BaFe; ¢Nig;Asy [385] suggests
that this should be common in Fe-based superconductors.

In summary, we observed a resonance at h{ly ~ 6.5 meV in FeTe 5S¢ 5
(T. = 14 K). The temperature dependence of the intensity is consistent with
the scaling 1 — (7'/7.)"/?. A 7-T magnetic field partially suppresses supercon-
ductivity, and lowers T, to about 12 K, determined from the bulk susceptibility.
In the field, the resonance starts to appear at the lowered 7., 12 K, with inten-
sity reduced. These results are consistent with the picture that the resonance
is related to quasiparticle scattering in the superconducting phase, and is re-
duced when superconductivity becomes weaker, either by heating or applying
an external magnetic field.

There are of course, still issues not fully resolved based on our results. For
example, the quality of our data does not allow us to accurately determine
the resonance energy. It is therefore hard to find out whether the resonance
energy can be affected by the external magnetic field or not, although it has
been shown that the former is the case in BaFe;gNig;Ass. [385] We have
measured the susceptibility with field perpendicular to a-b plane, and it is
shown that there is only weak anisotropy in the superconducting state. It
will be interesting to see how the resonance responds to a c-axis magnetic
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field. Another interesting issue is to search for the Zeeman splitting of the
resonance mode under an external field, which is a good test of whether this is
a singlet-triplet excitation. Zhao et al. [385] tried to tackle this problem using a
14.5-T field, but the results are inconclusive—the resonance in BaFe; gNig 1 As,
broadens in the field, but no clear split was observed, probably due to the finite
resonance width and coarse energy resolution. Qiu et al. [362] applied a 7-T
magnetic field on FeTeg gSeg 4, but no splitting is visible from their results; in a
more recent experiment, with a larger field (14 T) and improved background,
they were able to resolve the Zeeman splitting, directly establishing its triplet
character [388].

5.2.4 Disappearance of static magnetic order and evo-
lution of spin fluctuations

The parent compound for Fe;;,Te;_,Se, has a “bicollinear” or “E-type”
antiferromagnetic order [see Fig. 4.3(a)], modulated along the (0.5,0) in-plane
direction. [352, 353] Recently, there has been a report implying that supercon-
ductivity can coexist with the bicollinear structure on the atomic scale. [389]
It should be quite interesting to see how the magnetic structure (static or
dynamic) evolves from the E-type bicollinear configuration of the parent com-
pound to the C-type collinear configuration in the superconducting region in
the 11 system. [374, 390]

We performed neutron scattering studies to probe the magnetic order and
fluctuations in a few samples from the 11 family for Se dopings ranging from
30% to 50% and with varying superconducting properties. All neutron scat-
tering data have been normalized into absolute units (pup*-eV~'/Fe), using
incoherent elastic scattering intensities from the samples. Our results suggest
that static magnetic order exists in all non-superconducting samples. (Here,
by non-superconducting we mean an absence of bulk superconductivity.) This
order is short-ranged and occurs at in-plane wave vectors of the type (0.5,0).
For the fully superconducting samples, no static magnetic order is found. With
the disappearance of static magnetic order, the associated low-energy magnetic
excitations near (0.5,0) also go away, as one might expect. Magnetic excita-
tions near (0.5, 0.5) gradually become dominant as the material becomes more
superconducting. While Se doping plays an essential role, it is clearly not the
only determining factor regarding the superconductivity and the magnetic cor-
relations. Samples with similar Se doping but differing in Fe content can have
very different superconducting properties and corresponding magnetic struc-
tures/fluctuations. Our results clearly indicate that static bicollinear (E-type)
magnetic orders in the 11 system compete with and suppress superconduc-
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Table 5.1: List of the Fe;;,Te;_,Se, samples, superconducting and non-
superconducting 30% Se doped sampleS (SC30 and NSC30), superconducting
50% Se doped (SC50) and non-superconducting 45% Se doped sample (NSC45)
used in this study, with their composition y and x, 7., room-temperature lat-
tice parameters (from powder x-ray diffraction), a (b = a), and ¢, and sample
mass 1m.

Sample y r T.(K) a(A) c(A) m(g
SC30  0.00 0.3 14 3.815 6.140 12.7

NSC30 0.05 0.3 - 3.808 6.120 7.4
SC50  0.00 0.5 14 3.811 6.129 9.0
NSC45 0.05 0.45 - 3.807 6.047 6.4

tivity. Superconductivity only appears when the system evolves towards fluc-
tuating collinear C-type magnetic correlations, which appear to be universal
across all known Fe-based superconductor families.

The single-crystal samples used in the experiment with their nominal com-
positions, and various characteristic properties are listed in Table 5.1. The
bulk susceptibilities are shown in Fig. 5.11. From the susceptibility we can see
that, although both superconducting samples show evidence of diamagnetic
response at around 14 K, SC50 is clearly better in quality as far as supercon-
ducting volume fraction is concerned. With a considerable portion of its bulk
volume being non-superconducting, it is possible that there is phase separation
in SC30. In fact, when measuring different small pieces (~ 1 mm size) from
the same SC30 sample, the superconducting volume can vary from < 10% to
~ 80%, suggesting that the superconducting and non-superconducting phases
could be macroscopically separated in this sample. The other samples, NSC30
and NSC45, are mostly non-superconducting, with no more than 1% of the
volume giving the superconducting response.

We performed elastic magnetic scattering measurements on all samples.
For the SC50 sample, there is no elastic magnetic intensity at (0.5,0,0.5),
while magnetic peaks are observed for all three other samples. In Fig. 5.12, we
plot H and L scans through this antiferromagnetic wavevector for the SC30
and NSC45 samples at T = 4 K. The same measurements for NSC30 have
been shown in § 5.2.2. The H and L scans performed at higher temperature
(T = 34 K) show no peak structure and are therefore used as backgrounds to
be subtracted from the data. All peaks are much broader than the resolution,
indicating the short-ranged nature of the magnetic order. The H-scans are
peaked near but not exactly at H = 0.5, similar as the results in § 5.2.2. The
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Figure 5.11: ZFC susceptibility of the four samples. The inset shows the same
data from the non-superconducting samples with different scale.

L-scans, however, are qualitatively different. For lower Se doped samples, the
L-scan peaks around L = 0.5, and intensity always goes to zero at L = 0.
So there the magnetic order is always antiferromagnetic along the L-direction,
whether short- or long-ranged. Here we see that after background subtraction,
the scattering intensity at L = 0 is still appreciable. This suggests that al-
though the magnetic order still has a modulation along the L-direction, which
peaks around L = 0.5, favoring an antiferromagnetic configuration between
Fe planes, the order has become much more two-dimensional. In the NSC45
sample, the 3D long-range bicollinear antiferromagnetic order of the parent
compound has not been entirely destroyed, but rather greatly reduced to 2D
short-range order. The ordered moment per Fe is 0.122(4) pp, much less than
the value in the parent compound with long-range order. [352] It is never-
theless, enough to destroy superconductivity. With this static magnetic order
present, even with 45% Se doping, bulk superconductivity is still not achieved.
In the SC30 sample, although the sample does show a superconducting phase
transition at around 14 K, the superconducting volume is smaller than for the
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Figure 5.12: Elastic neutron scattering measurements performed on SC30 (top)
and NSC45 (bottom) near (0.5,0,0.5). (a) and (b) are intensity profiles along
[100] direction (H-scans); (c) and (d) are scans along [001] direction (L-scans).
(e) and (f) show the magnetic peak intensity at (0.5,0,0.5) vs. temperature.
Corresponding scans measured at T' = 34 K are used as background, and have
been subtracted from all the data shown.

SC50 sample. The ordered moment is about 0.077(4) up/Fe, also much less
than that in the NSC45 sample, indicating that this order may be coming from
only part of the sample. Therefore there is likely a phase separation in this
SC30 sample, where two phases, one superconducting and another one with a
short-range magnetic order, coexist.

With the tendency of forming static bicollinear magnetic structures in the
non-superconducting samples, it is natural to expect to see magnetic excita-
tion spectra around the (0.5,0) in-plane wave-vector as well. From previous
work, we know that the energy dispersion and intensity modulation along the
L direction for magnetic excitations is small. We can therefore choose to per-
form the inelastic scattering measurements in the (HK0) plane for L = 0.
In Fig. 5.13, we plot our results taken near (0.5,0,0). The top two panels
[Fig. 5.13(a) and (b)] show energy scans at (0.5,0,0) at 7' = 4 and 25 K. Mea-
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Figure 5.13: Magnetic excitations for Fe;,,Te;_,Se, measured around
(0.5,0,0). The left and right columns show the magnetic peak profiles for
lowest temperature and 25 K respectively. (a) and (b) Constant-Q scans at
(0.5,0,0) taken at low 7" and 25 K. (c-h) Constant-energy scans at (0.5, K, 0)
at hw =0.5, 2 and 5 meV. A fitted K-independent background has been sub-
tracted from all data sets.

surements for NSC45 and SC50 were taken on BT-7 with a relatively coarse
energy resolution (FWHM ~ 1.7meV) compared to those on SPINS (NSC30
and SC30, FWHM ~ 0.3 meV), and have a large tail from scattering at fiw = 0.
Constant-energy scans at fiw = 0.5, 2, and 5 meV [Fig. 5.13(c)-(h)] along the
K direction across (0.5,0,0) clearly show that for NSC30, SC30 and NSC45,
there is significant spectral weight at low energies. For both 30%-Se samples,
where we have measurements with higher energy resolution, one can see that
the intensity at hw = 0.5 meV increases on warming from 4 K to 25 K. The
increase is much less pronounced at hw = 5 meV. This behavior is likely due
to a transfer of spectral weight from the elastic peak into low energy channels
when the static order dissolves with heating. For SC50, the low-energy spin
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excitations near (0.5,0,0) are weak, and not strongly temperature dependent,
which is consistent with the fact that there is no static order near (0.5,0) in
this sample. The two small peaks near K = 40.5 observed from samples SC30
and SCH0 at hw = 5 meV, suggest that there is additional spectral weight de-
veloping near the (0.5,0.5) wave-vector, corresponding to dynamic collinear
spin correlations in the superconducting samples.
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Figure 5.14: Magnetic excitations measured around (0.5, 0.5,0). The left and
right columns show the magnetic peak profiles for lowest temperature and 25 K
respectively. (a) and (b) Constant-Q scans at (0.5,0.5,0) taken at low 7" and
25 K. (c-h) Constant-energy scans at (0.5,0.5,0), taken along the transverse
direction at hw = 5, 6.5 and 12 meV. A fitted constant background has been
subtracted from all data sets.

In Fig. 5.14, we show measurements near (0.5,0.5,0). For SC50, a clear
resonance is observed when comparing the energy scans performed at 4 K and
25 K, as discussed in previous section. In Fig. 5.14(c)-(h), constant-energy
scans at Aw = 5, 6.5, and 12 meV performed in the direction transverse to
Q = (0.5,0.5) are shown. Similar to SC50, but less pronounced, we can also
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see a resonating feature in SC30 in the scans of Aw = 6.5 and 5 meV.

For the non-superconducting samples, there is no temperature effect ob-
served for data taken between 4 K and 25 K. For NSC30, we did a constant-
energy scan near (0.5,0.5) only at hw = 6.5 meV, and the intensity is very
low compared to either its own magnetic scattering near (0.5, 0) or those from
the other samples near (0.5,0.5). It is clear that the low-energy spin excita-
tions are mostly focused around (0.5, 0) for NSC30. The NSC45 sample has Se
doping very close to SC50, and also very similar magnetic excitation spectrum
near (0.5,0.5) compared to that from the latter in its normal state (7" = 25 K).
However, with no superconducting transition, its spectrum at low temperature
(T =4 K) does not differ much from that at 7" = 25 K.

The implications of our results are very clear for NSC30 and SC50. For
NSC30, a short-range static magnetic order is present at low temperature near
(0.5, 0), corresponding to a 3D bicollinear E-type spin structure. Its low-energy
magnetic excitations are also focused near (0.5,0). With the static order, no
superconductivity is achieved in this sample. For the SC50 sample, there is no
static order and the low-energy magnetic excitation spectrum is mostly shifted
to the (0.5,0.5) region, corresponding to collinear C-type spin correlations.
Similar to the situation in the 1111 or 122 systems, [304, 311, 391] this collinear
configuration without static order appears to favor superconductivity.

The results for NSC45 are more complicated. Here, with Se doping close
to SC50, the magnetic excitations near the (0.5,0.5) point are rather similar
to the superconducting samples, except that the resonating feature is missing.
Apparently, having magnetic excitations near (0.5,0.5) associated with the
collinear spin configuration is not sufficient for superconductivity to emerge.
Also having a static 2D-like magnetic order with bicollinear structure is able to
completely suppress superconductivity in this sample. Of course, the tetrago-
nal crystal structure gives no energetic distinction between the ordering wave
vectors (0.5,0) and (0.5,0.5), so that the magnetic configuration is relatively
soft. There is likely a mixed phase where the bicollinear and collinear magnetic
configurations coexist, on a microscopic level, similar to that of the mixed C-E
phase in manganites, [392] as suggested in Ref. [390].

The case for SC30 is, in fact, quite intriguing. A 2D-like short-range static
order exists at low temperature, while low-energy magnetic excitations are
found both around (0.5,0) and (0.5,0.5) with comparable spectral weight.
Therefore, the magnetic excitation spectrum actually looks very similar to
that in NSC45, yet there is bulk superconductivity in SC30 when the static
magnetic order is also present. Compared to NSC45, the ratio of spectral
weight near (0.5,0.5) to that near (0.5,0) is higher in SC30, indicating a larger
volume of the sample favoring a collinear spin configuration. The resonance oc-
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curs below T, showing an enhancement of spectral weight only near (0.5,0.5).
This indicates that superconductivity only exists in the part of the sample with
dynamic collinear spin correlations. Although it is conceivable that the static
order and superconductivity could coexist in the same domains as suggested by
previous uSR work, [389] it is also possible to have a system with macroscopic
phase separation, where the volume of local collinear or bicollinear regions are
large enough to form separate domains. In this case, the features near (0.5,0)
(elastic magnetic peak and low-energy magnetic excitations), and those near
(0.5,0.5) come from different regions. This scenario would be consistent with
the (varying) susceptibility results for different small pieces taken at differ-
ent locations from this sample, and agrees with results from all other samples
where static magnetic order and superconductivity do not coexist locally.

Why would samples with similar Se content e. g., NSC30 vs. SC30, NSC45
vs. SCH0 show dramatically different behaviors? Some believe that the Fe con-
tent also plays important roles. [352] Having higher Fe content in the parent
compound could drive the order from commensurate to incommensurate, [352]
while its effect is less clear for the superconducting region. It is less likely
though that the excess Fe are simply isolated magnetic impurities that de-
stroy superconductivity, since the static magnetic order and the changes in
low-energy spin excitations observed in our measurements cannot be explained
in such a simple manner. It has been suggested that excessive Fe atoms, or
even the Te/Se disorder, may enhance the bicollinear antiferromagnetic cor-
relation in its competition with the collinear correlation, and therefore reduce
the superconducting phase coherence. [390] It has also been predicted that
lowering the height of the chalcogen (Te/Se) positions can drive the 11 system
from bicollinear to collinear spin configuration. [390, 393] In our samples, the
excessive Fe doping appears to make the lattice parameters a and c slightly
shorter, for similar Se doping levels. It is not yet clear how a smaller ¢ could af-
fect the magnetic structure. But a smaller a would actually favor a bicollinear
structure—if we consider the Fe-Te/Se-Fe bond—to maintain the same bond
length and lower the free energy, the chalcogen height would need to increase
when a decreases, the system is therefore driven towards the bicollinear con-
figuration. More theoretical work and first principle calculations are of course
necessary to fully understand the details of this effect.

Despite the uncertainties in what the underlying cause for the difference
in these samples is, it is evident that the magnetic structure/fluctuations are
intimately coupled to superconductivity in the 11 system. If the magnetic cor-
relations in the system favors a bicollinear (E-type) spin configuration, which
sometimes can eventually lead to static order, superconductivity is then sup-
pressed. The collinear (C-type) spin configuration, which is universal across
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the superconducting regions of all Iron-based superconductor families, is what
is required, but not sufficient, for the emergence of superconductivity. There
are also cases where magnetic correlations favoring these two configurations co-
exist and compete. Overall, our results suggest that magnetic correlations are
important in the Iron-based superconductor families, and the proper tuning
of these correlations may be the key in enhancing superconductivity.

5.3 Summary

In this Chapter, I have shown systematic neutron scattering results on the
magnetic order (static/dynamic) in Fe; ,Te;_,Se,. It is found that the long-
range antiferromagnetic order becomes short-ranged upon Se doping. In this
system, both the magnetic order and superconductivity can be tuned not only
by Se doping, but also by the Fe content.

The spin dynamics also show systematic changes with Se doping—when the
Se doping is low, the system favors a a bicollinear (E-type) spin configuration,
which is the structure for the parent compound; with increasing Se content,
the spectral weight near (0.5,0.5) is increasing, which means that the spins
order in a collinear (C-type) manner. For superconducting sample, a neutron-
spin resonance appears when the system is cooled below T, around (0.5,0.5)
with energy ~ 6.5 meV.

We have also studied the Q and magnetic-field dependence of the reso-
nance, and we found that the resonance is incommensurate in Q, peaking at
(0.5£0,0.5F0), in a direction transverse to (0.5,0.5). It is also found that the
magnetic excitations are anisotropic, dispersing only along the transverse di-
rection to (0.5,0.5), which can be explained by the coupling of spin and orbital
freedom. The magnetic field shows its effect on the resonance by reducing
both the onset temperature and the intensity, as a result of the suppressed
superconductivity, demonstrating close relationship between resonance and
superconductivity.

Our results for the Fe;y,Te;_,Se, show clearly that magnetism is playing
a very big role in the superconductivity in Iron-based superconductors, and
magnetic excitation is quite likely to be related to the electron pairing.
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Chapter 6

Conclusions

In this final Chapter of my Dissertation, I am going to summarize the
results on the two types of high-T,. superconductor systems, Lay_,Ba,CuO,,
and Fey;,Te;_,Se,. Also, I will discuss some of the possible future works.

6.1 Summary of results

Crystal growth I have shown that by using floating-zone technique, I have
successfully grown crystals for Lay, ,Ba,CuO, with x ranging from 0
to 15.5%. The crystals are characterized by microscope, susceptibility,
and x-ray and neutron diffraction, all of which demonstrate that they
are high-quality single crystals. With these high-quality large-size single
crystals, neutron scattering work can be carried out.

For the Iron-based superconductor, Fe;i,Te;_,Se,. I used the horizon-
tal unidirectional solidification method to grow large-size high-quality
single crystals. The crystals grown have nice cleavage surface, which is
the a-b plane. Now, a series of Fe;1,Te;_,Se, single crystals are avail-
able with Se concentration ranging from 0 to 0.7. Also, we have some
samples with fixed  and varying y, which show different magnetic and
superconducting properties.

Neutron scattering studies With the crystals grown, neutron scattering
measurements have been performed on both systems.

In Lay_,Ba,CuO,, I have studied the doping dependence of the stripe
order and superconductivity with x = 0.095, 0.115, 0.125, and 0.135 by
doing neutron scattering, susceptibility, and transport measurements. It
is found that static spin-stripe order exists in all these four compositions,
and competes with superconductivity, with one of the evidences that
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when the T, shows a maximum at z = 0.095, the stripe-order peak in-
tensity is the lowest, and on the other hand, when the 7, has a minimum,
the stripe order appears to be strongest (by having a highest magnetic
order intensity, ordering temperature, and largest spin-spin correlation
length). In an external magnetic field, the bulk superconductivity in
Lay_,Ba,CuO, with z = 0.095, and 1/8 are suppressed, while the static
magnetic order is enhanced in both samples. It appears likely that the
stripe order frustrates the Josephson coupling between the layers, and
renders superconductivity only in the a-b planes. The impurity effect has
also been studied by doping 1% Zn into Lay_,Ba,CuO4 (z = 9.5%). By
comparing the susceptibility, thermopower and thermal conductivity in
the samples with and without Zn, it is clear that the superconductivity
has been partially depressed, with 7, reduced from 32 K (Zn-free sam-
ple) to 17 K (1% Zn-doped sample). As a result, the magnetic order in
the sample with 1% Zn doping is largely enhanced. Upon application of
a magnetic field, the spin-stripe order in both samples get enhanced. All
these results clearly show that the static magnetic and superconducting
order are competing with each other.

In the Iron-based superconductors, Fe;,,Te;_,Se,, the results are qual-
itatively similar as the cuprate for the static magnetic order. There
is long-range antiferromagnetic order in the parent compound Fe;,,Te,
which is gradually suppressed by doping Se into the system. And then
there is a regime where short-range SDW order coexists and competes
with superconductivity. The optimal superconductivity happens at a
doping with x ~ 0.5, and the superconductivity extends all the way to
x = 1, in the pure Fe;;,Se. The magnetic and superconducting prop-
erties are not only sensitive to the Se content, but also sensitive to the
excess Fe concentration. For instance, the incommensurability is depend-
ing on the extra Iron. Here, the incommensurate peak is only seen on one
side with lower Q = (0.5 — 4,0), which can be explained by the imbal-
ance ferromagnetic/antiferromagnetic correlations between neighboring
spins. In samples with similar Se doping but different Fe contents, both
the superconducting and magnetic properties can be drastically different.

Systematic inelastic neutron scattering studies have shown that with
Se doping, the system prefer a collinear type spin configuration, which
seems to be required for superconductivity. If the spin configuration
tends to be the bicollinear type, which is the case for samples with no
or low Se doping, where long- and short-range SDW order is observed,
then superconductivity is reduced. In the superconducting samples, with
spin configurations favoring collinear type, a neutron-spin resonance is
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observed below T, around the nesting wave-vector in both 30% and 50%
Se doped samples. A magnetic field has been applied to see how the res-
onance in the FeTeq5Seqs sample responds to it, and it is found that
both the onset temperature and the intensity of the resonance has been
reduced, as a result of the depressed superconductivity, providing strong
evidence for the close relationship between resonance and superconduc-
tivity. Q-dependence study of the resonance reveals that the resonance
is peaking at (0.5+6,0.5F ) in plane. Furthermore, the magnetic exci-
tations around (0.5,0.5) are found to be anisotropic, which are dispersing
only along the direction transverse to (0.5,0.5). The anisotropy is likely
due to the spin and orbital coupling effects.

In both systems, it is demonstrated that magnetism is playing an important
role in superconductivity. In the cuprate superconductors, superconductivity
competes with the static magnetic order, and appears after the suppression
of the magnetic order, in the phase where magnetic fluctuations survive. In
Iron-based superconductors, we have shown that spin fluctuations are closely
related to the superconductivity, especially the resonance mode observed in
the magnetic excitation spectrum below T, which is sensitive to an external
magnetic field.

Overall, our results are consistent with the idea that magnetic fluctuations
are crucial for the pairing in high-7, superconductivity. Eventually, we may
see a successful high-7T, mechanism which considers spin excitations as the
glue for the electrons. Then it will be promising that superconductors that
are more appropriate for practical use can be designed by using a good theory.

6.2 Future works

Of course, there are still many things that can be done on both Copper-
and Iron-based superconductors.

As for Lay_,Ba,CuQy, because of the limited sample availability, many
neutron scattering works that have been performed on other cuprate systems
have not been done on Lay_,Ba,CuQOy, for instance, studying the spin dynam-
ics for the underdoped, and optimally doped samples, which will be important
to understand how magnetic excitations are playing roles in the superconduc-
tivity. It will be also interesting to search for the 2D superconductivity, as in
Lay ,Ba,CuO, z = 1/8, and 0.095. There are static stripe orders in all the
samples we have studied, and if stripe order is to frustrate the 3D supercon-
ductivity and constrain the superconducting correlations within the plane, we
may be able to see it in other samples. In Laj go5Bag o5 CuQy, we know that
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the stripe order is enhanced in the magnetic field, and we observed the 2D
superconducting state. We know that doping 1% Zn into the sample enhances
the stripe order, and reduces the superconductivity, which looks similar as the
magnetic-field effect, then we expect that the 2D superconductivity should
also appear in this sample. Even from the crystal-growth aspect, there are
still work to be done. Right now, the highest doping level we can reach is
15.5%. To go beyond this, we may need to employ high-pressure furnace.
We have successfully doped 1% Zn into Laj go5Bag.095CuQy, and it should be
also worthwhile to dope Zn in samples with other Ba concentrations. Doping
more 7Zn into the Lay_,Ba,CuQO, samples could also be interesting to see the
competition between static stripe order and superconductivity more clearly.
The Feyy,Te;_,Se, system is relatively new (about two years since its dis-
covery). Although research progress on the Iron-based superconductors has
been made every day, there are still many questions remain to be answered. For
example, we now know that magnetism is important to the superconductivity,
but the origin of the magnetism in Iron-based superconductors is still contro-
versial. [394, 395] Some argued that the magnetism is itinerant in nature, which
can be described by the Fermi surface nesting, [313, 317, 360, 372, 381, 396—
400] while some believed that it is arising from localized d electrons, [401-403]
and third proposal which is the “hybrid of the these two—some d electrons
are effectively localized while others are metallic [404]. There is even one more
suggesting that none of these is the case, but instead, the magnetism derives
simply from the energy gain associated with transfer to lower energy of one-
electron DOS spectral weight. [307] Certainly, these discrepancies have to be
solved before one can fully understand how the magnetism is playing roles
in the superconductivity. The magnetic-field effect will be another potential
interesting point. Since the field is known to suppress the superconductivity,
the magnetic correlations should respond to the field accordingly. We have
shown evidence for the spin and orbital coupling in the 11 system, and it will
be good to have more evidences supporting this argument. Turning to the
sample-growth side, we now only have samples with Se doping to 0.7. We are
trying to see whether we can push it forward and get large-size single crystals.
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