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Abstract

CRYSTAL GROWTH AND NEUTRON SCATTERING
STUDIES OF HIGH TEMPERATURE
SUPERCONDUCTORS

by

Zhijun Xu
Adviser: Prof. J. J. Tu, Dr. G. Gu and Dr. J. M. Tranquada

Since the discovery of the first high temperature superconductor in the
1980’s, there have been continuing efforts to understand the mechanism
of high-T superconductivity. Studies on the cuprate systems seem to
suggest that there is an intimate relationship between superconductivity
and magnetism, and recently this has also shown to be the case for the
newly discovered Fe-based superconductors. Neutron scattering is a pow-
erful tool for studying magnetism in superconductors, which can provide
important information about the momentum and energy dependence of

magnetic correlations.

The work presented in this thesis is divided into two main sections. Since
high-quality large-size single crystals are necessary for the neutron scat-
tering experiments. The first section is about sample preparation, where
I will introduce single crystal growths via the Floating-zone technique
as well as unidirectional solidification methods. The second section is
neutron scattering experiments, which will show neutron scattering and

transport measurements results in two high-temperature superconductor
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systems: Lay_,Ba,CuO4 (LBCO), and Fe;;,Te;_,Se, (FeTeSe). In the
LBCO system, we found that static magnetic order competes with bulk
superconductivity. In addition, applying a magnetic field to or adding
Zn impurities in the sample will enhance the static magnetic order and
suppress the superconductivity. In the FeTeSe system, we found that
spin resonance is associated with superconductivity, while resonance and
superconductivity are simultaneously suppressed by an applied magnetic
field or adding Fe impurities. Our results suggest that the magnetic cor-
relations are important for the superconductivity, and proper tuning of

these correlations may be a key for superconductivity.
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4.8

Imaginary part of the dynamical magnetic susceptibility, x”(Q,E), of
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the checkerboard cluster model, respectively, similar to Fig. 4.7. . . .
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4.9 Position and intensity of magnetic excitations in Fe; ;Te. Filled sym-

bols in panels (a), (c), (e) on the left show peak position at T = 10
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of energy, normalized to meV~! using the measured acoustic phonon
intensity (see methods). Error bars include the ~ 26% uncertainty of
absolute normalization. Solid lines are fits used to interpolate the data
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quasi-elastic (QE) central peak (shaded in yellow) and a damped har-
monic oscillator (DHO, red). Green-shaded peak in panel (b) shows
magnetic Bragg intensity existing below Ty ~ 60 K at 1 = 0.5, which
was obtained by fitting Bragg scattering near (-1, 0.5, 0.5) and (-0.5, 1,
0.5), clearly visible in Fig. 4.7 (a), to resolution-limited peaks. Insets
show the correlation length in lattice units for the single-component

LL (closed circles) and the cluster (open rhombi) models. . . . . ..
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Temperature dependence of scattering intensity and the effective Fe
spin in Fe;;Te. (a) Cuts from the data in Fig. 4.8(a),(d),(g) show
X" (Q,E) as a function of energy for Q = (0,0.45) at 10 K, 80 K and 300
K, respectively. Lines are from fits shown in Fig. 4.7 (b),(e),(h). (b)
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tributions to S(E), not including magnetic Bragg scattering, ~ 0(E).
Solid lines are same as in the right panels of Fig. 4.9, dashed lines show
inelastic contribution modeled by DHO. (c) the upper (blue) symbols
show temperature dependence of the effective local spin participating
in low-energy fluctuations in Fe;;Te shown in Fig. 4.7- 4.10, as de-
termined by the sum rule, SZ,, = [T S(BE)dE. The bottom (red)
symbols quantify the part involved in the long-range static order and
appearing in the form of magnetic Bragg scattering at 1 = 0.5. Green
symbols show contribution from the broad diffuse quasi-elastic scat-
tering near (0,40.5), (£0.5,0), i. e. the E = 0 central peak in Fig.
4.10(b). Horizontal dashed line shows S?;; =~ 3.9 obtained from the
Curie-Weiss fit of static magnetic susceptibility. . . . . . . . .. . ..
(a) ZFC magnetization, and (b) background subtracted magnetic peak
intensity measured along [100] (normalized to the sample mass) as a
function of temperature for Feq g7 Teq755€0.25, and FeTeq;Seq 3. Error
bars indicate one standard deviation assuming Poisson statistics. Lines

through data are guides for the eyes. . . . . . . ... ... ... ...

xxil

83



4.12 Short-range magnetic order in Fey5Te; ,.Se,. The left and right columns

4.13

4.14

show the magnetic peak profiles for Fe; o7 Teq 755€0.05 and FeTeqy 7Seq 3,
respectively. Top and bottom rows are scans along [100] and [001] re-
spectively. (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. Error bars represent the square
root of the total counts. The lines are fits to the data using Lorentzian
functions. . . . ...
(a) Inset shows the commensurate magnetic unit cell within a single
layer of Feq,sTe, with spin arrangements in a-b plane; solid line shows
the calculated scattered intensity assuming uniform exponential decay
of spin correlations. (b) Dashed line shows the magnetic structure fac-
tor |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 PAITS. © v v v v v v e e e e e e e e e e e e e e e e e
ZFC magnetization measurements by SQUID for SC30 (red), NSC30
(blue), NSC45 (green) and SC50 (black). The inset shows the same

data from the non-superconducting samples with different scale.
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4.15

4.16

Elastic neutron scattering measurements performed on SC30 (red cir-
cle), NSC30 (blue triangle), NSC45 (green square) and SC50 (black
diamond) near (0.5,0,0.5). (a, d) Intensity profiles along [100] direc-
tion (H-scans) at T'= 4 K; (b, e) Scans along [001] direction (L-scans)
at T = 4 K. The horizontal bars represent the H and L resolution at
SPINS (a, b) and BT-9 (d, e). The solid lines are based on least square
fits to the data with single Gaussian peak and sloping background. (c)
shows the magnetic peak intensity (from fitted Gaussian peak inten-
sity) 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. The inset in (c¢) shows the 4 K (open) and 34 K (close)
raw data used in (b) for NSC45. (d-f) Data from Ref. [35]). The error
bars represent the square root of the number of counts. . . . . . . ..
Constant-@) scans at (0.5,0,0) taken at (a) 4 K (1.5 K for SC30 and
NSC30) and (b) 25 K. A background, determined from constant-energy
scans as in Fig. 4.17 has been subtracted from all data sets. The error

bars correspond to the square root of the number of counts. . . . . .
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4.17

4.18

4.19

Magnetic excitations for Fej,sSe,Te;_, measured around (0.5,0,0).
The left and right columns show the magnetic peak profiles for 4 K (1.5
K for SC30 and NSC30) and 25 K respectively. Constant-energy scans
at (0.5, K,0) [as shown by (i) in Fig. 4.2 (¢)] at fww = (a-b) 0.5 meV,
(c-d) 2 meV and (e-f) 5 meV. The solid lines are based on least square
fits to the data with one main Gaussian peak at K=0, plus sometimes
two small Gaussian peaks at K=+0.5, which represent intensities from
Q=(0.5,0.5), and a constant background. The fitted K-independent
background has been subtracted from all data sets. The error bars
correspond to the square root of the number of counts. . . . . . . ..
Constant-@ scans at (0.5,0.5,0) taken at (a) 4 K (1.5 K for SC30 and
NSC30) and (b) 25 K. A background, determined from constant-energy
scans as in Fig. 4.19 has been subtracted from all data sets. The error
bars corresonds to the square root of the number of counts. . . . . . .
Magnetic excitations for Fe;,sSe,Te;_, measured around (0.5,0.5,0).
The left and right columns show the magnetic peak profiles for 4 K (1.5
K for SC30 and NSC30) and 25 K respectively. Constant-energy scans
at (0.5,0.5,0), taken along the transverse direction [as shown by (ii) in
Fig. 4.2 (¢)] at fw = (a-b) 5 meV, (c-d) 6.5 meV and (e-f) 12 meV. The
solid lines are based on least square fits to the data with two Gaussian
peaks and a constant background. The fitted constant background has
been subtracted from all data sets. The error bars corresponds to the

square root of the number of counts. . . . . . .. ... ... .. ...
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4.20

4.21

4.22

4.23

(a) The schematic diagram of the neutron scattering measurements in
the (HKO0) zone. Dashed lines denote linear scans performed across
Q, = (0.5,0.5,0) in the text. (b) ZFC magnetization measurements
by SQUID with vertical 5 Oe. field perpendicular to the a — b plane.
T. ~14K is marked by a dash line. (c¢) Constant Q scans at Q, taken
at different temperatures: 5 K (Red circle), 25 K (Blue square), 100 K
(Green triangle), and 300 K (Black diamond). Fitted background ob-

tained from constant energy scans has been subtracted from all data

Constant energy scans at (1-k,k,0) with different temperature: 5 K
(Red circle), 25 K (Blue square), 100 K (Green triangle) and 300 K
(Black diamond) at different fuw: (a) 3.5 meV, (b) 5 meV, (¢) 6.5 meV,
(d) 8 meV, (e) 10 meV, and (f) 12 meV. A flat fitted background has
been subtracted from all data sets. The solid lines are based on the fit
described in the text. The error bars represent the square root of the
number of counts. . . . .. ...
Contour intensity maps showing the fitted magnetic scattering inten-
sity versus hw and ¢ at different temperature: (a) 5 K, (b)25 K, (c)
100 Kand (d) 300 K. . . . . ...
(a) Q-integrated (integrated only in one-dimension, along the trans-
verse direction) magnetic intensity, obtained based on the fit described
in the text, plotted vs. temperature. (b) Q-integrated intensity for
the spurious peak around (0.25,0.75,0), plotted vs. temperature. (c)

Magnetic moment per Fe site vs. temperature. . . . . . . . ... ...
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4.24

4.25

4.26

(a) Constant Q scans at (0.5,0.5,0) for temperatures below (7" = 4 K)
and above (7" = 20 K) 7.. Shading indicates the difference between
scans. (b) Data obtained by subtracting 20 K data from 4 K data.
Error bars represent square root of total counts. Lines through data
are guides for theeye. . . . . . . .. ... L L.
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 ugH = 0 T (circles),
and 7 T (diamonds). Error bars represent square root of total counts.
Lines through data are guides for theeye. . . . . . .. .. ... ...
(a) Susceptibility measured with poH = 0.0005 T (red circles) and
7 T (blue diamonds), with field parallel to the a-b plane. Dashed lines
indicate the T.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
(described in the text), with Ti.s obtained from (a). Inset shows the
difference of the resonance intensities for 0 T and 7 T, integrated from

5 meV to 8 meV. Error bars represent square root of total counts. . .
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Chapter 1

Introduction

In this Chapter, I will introduce the discovery, properties and applications of
superconductivity, high-T. cuprate superconductor and iron-based superconductor. I
will also briefly introduce the BCS theory and the theory of high-T, superconductivity,

which focus on the interplay between superconductivity and magnetism.

1.1 Superconductivity

1.1.1 Discovery of superconductors

Superconductivity is a phenomenon, in which exactly zero electrical resistance
occurs in certain materials. It was first observed in 1911 by H. K. Onnes, [1] who
was studying the resistance of Mercury (Hg) in liquid helium. His group was the
first ever to liquefy helium in 1908, making it a refrigerant that could reach the low
temperatures of a couple degrees Kelvin (K). H. K. Onnes was awarded the Nobel
Prize in Physics in 1913 "for his investigations on the properties of matter at low

temperatures which led, inter alia, to the production of liquid helium”. [36] Unlike



normal metals, in which electrical resistivity decreases gradually with cooling until
tending to some residual resistance, Onnes’ group found that Hg abruptly loses its
resistance at 4.2 K [see Fig. 1.1(a)] and becomes a superconductor. The transition
temperature, when resistance suddenly disappeared, is known as the critical temper-
ature T,.. After Hg, a series of other elements, alloys, oxides, organic molecules, etc.

have also been found to be superconductors.
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Figure 1.1: Schematic of transport measurements to determine T, in superconductors:
(a) Resistivity of superconductor (red) and normal metal (black) vs temperature.
(b) Magnetization of superconductor (red) and normal paramagnetism (black) vs
temperature.

Besides the lack of resistance, another characteristic of superconductivity is the

”Meissner effect”, discovered by W. Meissner and R. Ochsenfeld in 1933. [37] Super-



conductor can always expel the (not too strong, below H.) applied magnetic fields
completely (except for a very thin layer at the surface, penetrate depth \;). Therefore,
superconductivity can not be understood simply as a classical perfect conductor that
will keep a fixed magnetic flux since it loses electric resistivity regardless of the change
in external field based on Maxwell’s equations. The superconductor indeed act as a
perfect diamagnet, which always creates magnetization in opposition to the applied
field to cancel the interior field for temperature below T, [see Fig. 1.1(b)]. The Meiss-
ner effect is so strong that a magnet can actually be levitated over a superconducting
material. Besides practical applications for maglev devices, the Meissner effect also

gives us an alternative way to measure the transition temperature of superconductors

[see Fig. 1.1(b)].

1.1.2 High-T. cuprate superconductors

For 75 years after the discovery of superconductivity, the highest T, of conven-
tional (elements, alloys) superconductors was still below 30 K (-243°C)(1986). In
1986, J. G. Bednorz and K. A. Miiller discovered the first superconductor with T,
higher than 30 K: lanthanum barium copper oxide (LBCO). [5] J. G. Bednorz and
K. A. Miiller were awarded the Nobel Prize in Physics in 1987 ”for their impor-
tant break-through in the discovery of superconductivity in ceramic materials”. [38]
What made this discovery so remarkable is that the ceramic compounds usually
do not conduct electricity well, and researchers had not considered them as possi-
ble high-temperature superconductor candidates before. This discovery of high-T,
(high relative to the predicted upper limit of T, from BCS theory) superconductors

aroused great interest in seeking new superconductors with higher T, in oxide com-
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Figure 1.2: Historical record of superconductors. The convectional superconductor
discovered since [1-4] (red). The high-T. cuprate superconductors since 1986 (blue)
for Lay_,Ba,CuO, (LBCO) [5], Lay_,Sr,CuOy4 (LSCO) [6], YBayCuzO; (YBCO) [7],
BigSIQC&QCUgOlO (BSCCO) [8], TlQBaQCaQCu:«}OlO (Tl—BCCO) [9], HgBagCaQCu;;Og
(Hg-BCCO) [10] and HgBayCayCusOyg in high pressure (Hg-BCCO HP). [11] The
iron-based superconductors (green) for LaFeOP [12, 13|, FeSe, Te;_, [14], LiFeAs [15],
BaFeyAss [16] SmO; . F, FeAs. [17] The (teal) dash line indicate boiling point of liquid
Nitrogen temperatures.

pounds, and a series of high-T. superconductors [6-10] have been discovered since
then [see Fig. 1.2]. The world record T, at ambient pressure of 138 K is now held by
Hgp s Tl 2BayCagCusOsg 33. [39] The highest reported T. of a superconductor is 164 K
in a HgBayCayCuzOy¢ under quasihydrostatic pressures. [11]

The typical crystal structure of high-T. superconductor is multi-layered perovskite
structure [see Fig. 1.3 (a)]. This structure is quasi-two-dimensional and interplane
coupling is weak. The common feature of these high-T. superconductors is the copper-
oxide (CuOy) layers [see Fig. 1.3 (a)] and so they are known as cuprates. In the

CuO, planes, squares of O?~ ions with a Cu?" ion at the center of each square
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Figure 1.3: (a) Schematic of crystal structure of LapCuOy. (b) Schematic of copper-
oxide plane. The red arrows indicate a possible alignment of spins in the antiferro-
magnetic ground state of LapCuQy. Fig. from Ref. [18]

form checkerboard lattices [see Fig. 1.3 (b)]. The layers of CuO, are believed to be

the key structure in high-T,. superconductivity. Before the discovery of iron-based

superconductors in 2008, most of ceramic high-T. superconductors were cuprates.

1.1.3 Iron-based superconductors

In 2008, scientists discovered the first new high-temperature superconductors [12—
17] containing Iron (Fe) instead of copper (Cu) and these superconductors are so
called as iron-based superconductors. The first and well-known of these iron-based
superconductors was LaFeAsO;_,F,, which has T. about 26 K with x=0.11, and
was discovered by H. Hosono group in 2008. [13] In 2006, a parent compound of the
iron-based superconductor LaOFeP had been discovered by the H. Hosono group, [12]
but as the T. was only about 4 K, it did not garner much attention. The discovery

of iron-based superconductors attracted great interest in searching for higher T, su-



perconductors with similar compounds. The T, soon after increased above 30 K by
replacing La with other rare earth elements, [17, 40, 41] or under high pressure [13].

The highest record T, of iron-based superconductor is 56 K in Sr;_,Sm,FeAsF with

x=0.5. [42]
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Figure 1.4: Schematic of crystal structure in a conventional unit cell [19] for (a)
711117 system, LaOFeAs. [13] (b) 7122” system, BaFeyAs,. [16] (c) 71117 system,
LiFeAs. [15] (d) 711”7 system, FeSe. Fig. from Ref. [14]

The RFeAsO (R=La,Ce,Pr,Nd,Gd,Sm) compound iron-based superconductors are
commonly called "1111” systems because of the proportion of elements in their parent
compounds. Besides the 71111” system, there are three other well-known iron-based
superconductor systems: AFeyAsy (A=Ba,Sr,Ca) 7122”7 system, [16, 43-45] BFeAs
(B=Li,Na) 7111”7 system [15, 46-49] and FeSe "11” system. [14, 50-53] The crystal
structures of these system at room temperature are all tetragonal [15, 54-57], and
are shown in Fig. 1.4. The common feature of these superconductors is the Fe?t ions
square-lattice layers [see Fig. 1.4], which is similar to copper-oxide layers in cuprate.
The layered structure seems to be required for high T. superconductors. The dis-
covery of iron-based superconductors provides not only promising high-temperature

superconductors systems, but also another source to study the mechanism of high-



temperature superconductors.

1.1.4 Applications of superconductors

The unique properties of superconductors are extremely conducive to applications.
The zero energy loss of electric current flow in superconductors make superconduc-
tors the perfect transmitter of electric power. Replacing normal copper wires with
superconducting wires will save tremendous amounts of energy that is usually lost in
transmission as heat. On the other hand, superconducting magnets, without heat be-
ing generated in loops by an electric current, can be more powerful than conventional
electromagnets. Strong superconducting magnets are used in Magnetic Resonance
Imaging (MRI), [58] Nuclear Magnetic Resonance (NMR) machines, [59] and particle
accelerators. Strong superconducting magnets are also used in magnetic levitation
devices (as magnetic levitation trains), which take advantage of the Meissner effect of
superconductors. Superconductors also play a role in magnetometers, power gener-
ators, electric motors, power storage devices and other instruments that bring great
benefits to human life.

The discovery of high-T,. superconductors increase the potential applications of
superconductors. Some superconductors with T, higher than the boiling point of
liquid Nitrogen (77 K) [see Fig. 1.2], are commercially advantageous since liquid
N, is abundant and cheaper than liquid He and also need less cooling equipment.
On the other hand, applications also benefit from the higher critical magnetic field
and critical current in the high-T. superconductors. However, even though a T, at
160 K (=110 °C) is too cold for commercially practical use, the search for higher T..

superconductors has not ceased.



1.2 Theory of superconductivity

1.2.1 BCS theory

Either to search for new higher T. superconductors or to develop new supercon-
ductor applications, it is essential to understand the mechanism of superconductivity.
In 1957, J. Bardeen, L. N. Cooper and J. R. Schrieffer gave a quantitative explanation
for many properties of superconductivity by their pairing theory. [60] Their theories
became know as the BCS theory, which derived from the first letter of each man’s last
name. J. Bardeen, L. N. Cooper and J. R. Schrieffer were awarded the Nobel Prize
in Physics in 1972 "for their jointly developed theory of superconductivity, usually
called the BCS-theory”. [61]

The key conceptual element in BCS theory involves Cooper pairs, in which elec-
trons close to the Fermi level form pairs in the presence of an attractive potential.
This pairing attraction was believed to lead to electron coupling with lattice vibra-
tions (known as phonon interaction in BCS theory). Cooper pairs behave differ-
ently from single electrons, which is fermions that obey the Pauli exclusion principle.
Cooper pairs act more like bosons, at sufficiently low temperatures, they form a
(Bose-Einstein) condensation into same energy and momentum. The condensation of
these electron pairs leaves a band gap in the order of meV, which inhibits the collision
interactions that lead to ordinary resistivity. The BCS theory can also successfully
explain the Meissner effect, heat capacity, penetration depth, critical magnetic field,
and isotope effect in superconductors. [60]

The BCS theory works well for conventional low-temperature superconductors,
such as elements and simple alloys, at temperatures close to absolute zero. However,

the T, in BCS theory is determined in terms of electron-phonon coupling, which is



too weak for T, to be higher than 30 K. [? | Thus, experiments in high temperatures
superconductors are beyond the capacity for BCS theory to explain, new or modified

theories are essential to fully understand superconductivity.

1.2.2 Interplay between superconductivity and magnetism

One of the most promising new ideas is that electron pairing is magnetic in origin.
Both experimental and theoretical evidence suggest that magnetism plays an impor-
tant role in high-T, superconductivity. High-T. superconductors come from doping
(replacing certain elements in intrinsic compounds) Mott insulators. [62] Unlike con-
ventional insulator, conduction is blocked due to strong electron-electron repulsion
and each electron is fixed in each unit cell in Mott insulator. [18] The spin of electrons
have antiparallel alignment for nearest neighbor, which leads to long range antifer-
romagnetic order [see Fig. 1.3 (b)]. Doping restores conductivity by creating empty
sites where electrons can jump without cost in Coulomb repulsion energy.

Schematic of typical phase diagram of the hole-doped, such as replacing La3* by
Sr?* | cuprate superconductor is shown in Fig. 1.5. [18] The parent compound, where is
undoped with =0, is an antiferromagnet, which shows long-range antiferromagnetic
order below Neel temperature Ty. [63] As the doping z increases, the long-range an-
tiferromagnetic order is gradually suppressed, and the Ty rapidly decreases. Finally,
the long-range antiferromagnetic order disappears and becomes short-range order spin
glass . [64] When the doping z reaches certain level, superconductivity emerges. The
relation of T, and x typically shows a dome shape in phase diagram. Compounds
where T, increases with x increasing are under-doped. Compounds where T. de-

creases with x increasing are over-doped. Optimal-doping occurs when T, reaches
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Figure 1.5: Phase diagram of the hole-doped cuprates compounds as a function of
x and T. AFM, long-range antiferromagnetic order; SG, spin glass; SC, supercon-
ductivity. Upper curve is for separate some so called pseudogap, Fermi liquid and
Non-Fermi liquid regions. Fig. from Ref. [18]

the maximum.

The newly discovered Fe-based superconductors have been shown to be the same
case. [20, 21, 65] The experimentally determined phase diagram for LaFeAsO,_,F,
(11117 system) and Ba;_,K,FesAsy (7122” sytem) are shown in Fig. 1.6. [20, 21]
The parent compounds of each system also have spin-density-wave (SDW) long range
antiferromagnetic order. The long range magnetic order is suppressed with doping,
while superconductivity starts to emerge after certain amount of doping. The super-
conductivity develops after the suppression of the long-range magnetic order, similar

to what happen in the cuprates. Therefore the interplay between magnetism and
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Figure 1.6: Experimentally determined phase diagram for iron-based superconductors
(a) LaFeAsO;_,F,. Fig. from Ref. [20] (b) Ba;_,K,FesAsy. Fig. from Ref. [21] SDW,

spin-density-wave antiferromagnetic order; SC, superconductivity.

superconductivity is a key issue in studies of high temperature superconductors.

1.2.3 Studying the magnetism in superconductor

To study the magnetic correlations in superconductors, neutron scattering is one
of the most effective and direct probing techniques. However, large, good-quality sin-
gle crystals are required for neutron scattering measurements, especially for inelastic
magnetic measurements, because of the limit of neutron source and interactions. My
thesis focuses on experiments studying the magnetic correlations in two superconduc-
tor systems: the Lay_,Ba,CuO,4 and Fe,,Te;_,Se, systems.

The thesis will be organized as following:

In Chapter 2, I will introduce our experimental methods , including detailed pro-
cesses of single crystal growth using floating-zone technique and unidirectional solid-

ification technique will be described. The neutron scattering techniques we used will

11



also be briefly introduced in this chapter.

In Chapter 3, I will show the experimental results in the Lay_,Ba,CuO, system,
which include Ba doping, Zn impurities, magnetic field effects on superconductivity,
and magnetic ”stripe” order and fluctuations in this system.

In Chapter 4, I will show the experimental results in Fe;,Te;_,Se, system, in-
cluding Se doping, Fe impurities, magnetic field effects on superconductivity, and
magnetic correlations in this system. Detailed study of the parent compound FeTe

will also be discussed in this Chapter.
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Chapter 2

Experimental methods

In this chapter, I will show the single crystal growth of Lay_,Ba,CuQO, via floating
zone technique and Fe;;,Te;_,Se, via unidirectional solidification technique. The

theory and instruments of neutron scattering techniques will also be briefly discussed.

2.1 Crystal growth

For neutron scattering experiments, especially for inelastic magnetic scattering
experiments to study the magnetic correlations, high quality large (order of gram
magnitude) single crystals are necessary. Because of the limit of the flux of neutron
sources and the weak interactions of magnetic scattering, only large single crystals
can provide enough data in the limited beam time. However, growth of high quality
large singles crystals is always a long-term challenge, especially in this case with

Las_,Ba,CuO, (LBCO) single crystals, which were unavailable until 2004.
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2.1.1 Growth of La,_,Ba,CuQO, by Traveling-solvent floating-

zone technique

We used the traveling-solvent floating-zone (TSFZ) technique [22, 66-68] to suc-
cessfully grow a series of (x=0%~15.5%) Las_,Ba,CuQy single crystals. The as-grow
crystals have diameters of 6 to 8 mm and length above 20 cm [see Fig. 2.3 (a)]. [69] One
advantage of the floating-zone technique is that no contamination occurs in growth,
because of the floating-zone region only contacts with the rods of growth materials.
Therefore we can avoid contamination, such as might come from crucibles, quartz
and other containers in other crystals growth techniques. Another advantage of the
floating-zone technique is that it is able to grow crystals with high melting points to
sufficient lengths. This is important for the growth of Lay_,Ba,CuO,, where the real
composition of doping deviates from nominal composition at the beginning of growth.

~
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Figure 2.1: (a) The traveling-solvent floating-zone technique image furnace used in the
growth of Las_,Ba,CuOy. (b) Schematic of components of the TSFZ image furnace.
Fig. from Ref. [22]

The image furnace we used to grow Las_,Ba,CuQOy is shown in Fig. 2.1 (a) and a

14



schematic of the image furnace is shown in Fig. 2.1 (b). The infrared radiation furnace
was equipped with two ellipsoidal mirrors as well as two (600 W, for La,_,Ba,CuQOy4
growth) halogen lamps in the outer focus of the mirrors. The lights of both lamps
were adjusted to focus at one point, the inner focus of both ellipsoidal mirrors. The
floating zone in growth is typically in an hourglass shape and is held by surface tension
between the feed and seed rods [Fig. 2.2 (a)]. The upper shaft and lower shaft hold the
feed and seed rods separately, and during growth, rotates in the opposite direction,
which stirs the floating zone to keep homogeneous growth conditions. The rods and
floating zone are sealed in a quartz tube and the atmosphere in the tube is controlled
to be certain pressure Oxygen for Lay, ,Ba,CuO, growth. In crystal growth, the
upper and lower shafts move downwards together. Therefore the floating zone moves
upwards on the feed rod and the feed rod gradually grows into a single crystal [see
Fig. 2.2 (b)]. The final diameter of the crystal is determined by the diameter of the
feed rod, and the ratio of the translation velocity of the feed and seed rods.

Before the growth in image furnace, we first needed to prepare the feed and seed
rods, which are both Lay_,Ba,CuO, polycrystals. To prepare the feed rod, LasOs,
BaCOj3, and CuO (99.99%) in powder forms were mixed in stoichiometric ratios.
The mixed powder was then ground in an agate mortar and calcined at 940 °C for
24 hours in air. The processes were repeated twice at 950 and 960 °C in order to
obtain a homogeneous powder. This powder was put into a thin-wall rubber tube
and compressed into cylindrical rods with about 6 mm diameter and 30 mm length
under a hydrostatic pressure of 6 kbars. To avoid penetration of the molten liquid
into the rod in growth, which would make the molten zone unhomogneous, extra CuO
was added in order to obtain more tightly sintered feed rods and to compensate for

evaporated Cu during floating-zone growth. Then we performed the sintering process
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Figure 2.2: (a) Image of Lay_,Ba,CuQO, crystal rods in growth. (b) Schematic of
the growth procedure on the feed and seed rods in TSFZ image furnace. Fig. from
Ref. [22]

at the optimal sintering temperature for 48 hours in air. The amount of extra CuO to
add and the temperature of optimal sintering depends on the doping x can be found
in Table 2.1. There is a trend in Table 2.1 that the higher the Ba doping, the less
extra CuO needed and the lower the sintering temperature. On the other hand, the
seed rods were prepared in the same way as the feed rods.

At the start of growth in the image furnace, solvent (flux) is needed to help form
the floating zone. We generally used Lay_,Ba,CusO,, raw materials that have rich
Cu and low melting points. The solvent was compressed into cylindrical rods under
a hydrostatic pressure of 4 kbars and sintered at 900 °C for 24 hours in air. After
putting the feed and seed rods in the quartz tub, we adjusted the atmosphere in the
quartz tub to Oxygen at the certain optimal pressure. The optimal Oxygen pressure
depends on the doping x that can be found in Table 2.1. The higher the Ba doping,

the higher Oxygen pressure is needed, with the highest in our image furnace system
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Table 2.1: The growth conditions for Las_,Ba,Cu;;,O4 system. Ba doping z, extra
CuO vy, sintering temperature T, Oxygen pressure P and transit temperature T..

Baz (%) Cuy (%) T (°C) P (bars) T. (K)

0 3 1260 1

2 2 1260 2

4 2 1260 2

6 2 1260 4

9.5 2 1260 11 32
11.5 1 1257.5 11 25
12.5 0.5 1255 11 2
13.5 0.5 1240 11 13
15.5 0 1225 11 30

being 11 bars. We first let the feed and seed rods rotate at low speeds in the same
direction to build an hourglass-shaped floating zone as shown in Fig. 2.2 (a). Then
we changed the rotation speeds of the two rods to 30 rpm and made them rotate in
opposite directions. The feed seed rods moved downwards together at the same speed
of 1 mm/hour during growth; total growth took 1-2 weeks. Throughout the entire
growth procedure, the floating zone was kept stable to ensure homogeneous single

crystal [see Fig. 2.2 (b)].

Sample characteristicsze

The as-grown crystal rod for Las_,Ba,CuO, (x=9.5%) is shown in Fig. 2.3 (a).
The next step involved obtaining a homogeneous single crystal section from the rod
for neutron scattering experiments. As shown in Fig. 2.2 (b), the crystals from the
beginning of growth are small because of unstable growth condition. As growth

continued, though, the [110] direction was found to be the fastest growth direction
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Figure 2.3: (a) The as-grown rod of Las_,Ba,CuOy crystal. Polished cross section of
the rod at (b) starting part and (c¢) ending part of the growth under polarized light.
(d) ZFC magnetization measurements by SQUID with a 5 Oe field perpendicular to
the a-b plane.
for Las_,Ba,CuOy. [66] The [110] orientation crystal gradually become larger and
larger and finally become dominant [see Fig. 2.2 (b)]. To choose a homogeneous
section, the quality of the crystal was checked by polarized light microscopes with
linear-polarized light. We first polished the cross section to a roughness of 1 um, like
the smoothness of a mirror. If there were crystals with different orientations in the
cross section, the refractive index would be different for different angles between the
incident beams and optical axes of crystals. The differently orientated crystals show
different color or brightness in the eyepiece, which is shown in Fig. 2.3 (b). To choose
the single crystals for neutron scattering, we need a section of a crystal that in both
faces has only one single domain crystal, as shown in Fig. 2.3 (c).

Besides the homogeneity in orientation, we also need the single crystal to have
homogeneous composition. The real composition of doping mostly deviate from nom-

inal composition at the start of the growth in Lay_,Ba,CuO4. The composition of
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the crystals can be identified by measuring the transition temperature in the su-
perconducting quantum interference device (SQUID). By comparing the transition
temperature with the phase diagram obtained from the polycrystal samples, [25] we
identified the exact compositions of the single crystals. The SQUID is a very sensi-
tive magnetometer used to measure weak magnetic fields, based on superconducting
loops containing Josephson junctions. The SQUID utilizes the Josephson effect to
measure the current due to a small amount of quantum magnetic flux applied to the

superconducting loop.

2] = 2AD/L (2.1)

where L is the self inductance of the superconducting ring. The magnetization of
the crystals were measured after zero-field-cooling (ZFC) and in the warming process
in the field. Superconducting crystals with Meissner effect below T., show a large
negative magnetization [see Fig. 2.3 (d)]. Moreover based on the width of the tran-
sition, we can roughly judge how homogeneous the composition of the crystal is. For
a single crystal for neutron scattering, we need a section of single crystal that has
sharp, correct T, on both ends, as shown in Fig. 2.3 (d).

Before doing the neutron scattering experiment, we need to align the chosen sec-
tion of single crystals. We use the back-reflection Laue mode X-ray diffraction [70] to
check the crystal orientation. The camera is placed between the X-ray source and the
crystal. The beams, which are diffracted in a backward direction from the crystal,
are recorded. The back-reflection mode is useful if the sample is too thick for X-rays
to transmit through it. As we know the crystal structure of Lay_,Ba,CuQ,, we can
identify the diffracting planes and normal orientation in the crystals by analyzing

the back reflection patterns in Laue photograph. Then we can rotate the crystals
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Figure 2.4: The Laue back reflection picture for incident beam along (a) [001], (b)
[100] and (c) [110] directions. (d) The aligned crystal mounted on a Brookhaven
designed super goniometer for neutron scattering.

to desired orientation with X-ray as shown in Fig. 2.3 (a-c). Finally, we mounted
this section of single crystal on a Brookhaven designed super goniometer as shown in
Fig. 2.3 (d), which has three rotational degrees of freedom to align the crystal in the

direction we want.
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2.1.2 Growth of Fe;,Te;_,Se, by Unidirectional solidifica-

tion technique

Unidirectional solidification technique is a crystal growth method that allows
molten alloy to solidify along a required direction by establishing a temperature gra-
dient. The unidirectional solidification technique utilizes the principle that crystal
grains grow along the opposite direction of the heat flow. For growth of Fe,,Te;_,Se,
system, Te, Se (99.999%) and Fe (99.98%) grains were mixed in stoichiometric com-
positions in their metal ratios as raw materials. Then the raw materials were sealed
in vacuum in two layers of quartz tubes. The quartz tubes were put in the furnace
nearly horizontal and a temperature gradient would applied along the tube at high
temperature. The furnace was then heated up to 660 °C and stayed there for 12 hrs;
then heated to 900 °C and stayed there for 12 hrs, and heated to 1050 °C and stayed
for 12 hrs for fully melting. At 1050 °C, when all raw materials had melted, the quartz
tubes were rocked for 3 hrs to make the molten materials homogeneous. The furnace
later cooled to 930 °C in 0.5 hrs, and then cooled with a cooling rate of 1 °C/hour
until 300 °C. Finally, the tubes were cooled to room temperature and were taken out
of the furnace. Large high quality single crystals were found in the as-grown rods.
[see Fig. 2.5 (a)].

Using unidirectional solidification methods, we successfully grew a series of (x=0%~
70% and y=0%~ 13%) Fe;;,Te;_.Se, single crystals above 10 g [see Fig. 2.5 (b)] We
had also tried floating-zone and Bridgman methods to grow FeTe; ,Se,, but as-
grown crystals were unsatisfactory because the abnormal expansion in cooling in the
FeTe;_,Se, system would make the growth unstable. The sample characterizations

of Fey1,Te;_,Se, by microscope and SQUID are similar to Las_,Ba,CuO4 as shown
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Figure 2.5: (a) The as-grown rod of Fe;;,Te;_,Se, crystal. (b) Some section of
Fei i, Te;_,Se, single crystals used for neutron scattering. (c) Cleaved crystal surface
under polarized light.

in Fig. 2.5 (c-d). Unlike Lay_,Ba,CuQOy, the Fe;,,Te;_,Se, single crystals have nice

cleavage surfaces [see Fig. 2.5 (b)] , which are found to be the ab-plane. Therefore, we

can simply align the crystals by eye instead of Laue X-ray measurements sometime.

2.2 Neutron scattering

2.2.1 Theory of Neutron scattering

Neutron is a powerful probe for studying condensed matters. Several properties
of neutron are listed in Table 2.2, [23, 71, 72] These properties give neutrons many
advantages in studying material properties. Firstly, the mass of neutron is similar to
Hydrogen atom, so the neutron energy can be moderated by collisions with hydrogen

or deuterium. The median energy of moderated neutron beam is proportional to
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the temperature of moderating medium, which can be easily adjusted. Secondly, the
zero net charge of neutron allows it to penetrate deeply into the sample to probe
the bulk properties, where neutrons pass through electronic cloud to interact with
atomic nuclei in very short range ( fm). In addition, it also allows neutrons to
penetrate the sample enclosure used to control the environment. Last but not least,
neutrons have a magnetic moment which can interact with unpaired electron spins in
a material. Furthermore neutrons have comparable wavelength as lattice constants
and comparable kinetic energy as atoms in a solid. Therefore, neutron scattering is a

perfect tool in studying the magnetic correlations and excitations in magnetic matter.

Table 2.2: Properties of neutron.

Rest mass, m,, 1.675 x 10727 kg
charge 0
spin 1/2

magnetic moment, p, 1.913 nuclear magnetons

Wavelength, A[A] 9.044/+/E(meV)
Wave vector,k[A~"] VE(meV)/2.072

Before further discussing, it is useful to establish the notations in typical high-T¢
cuprates and iron-based superconductors. As shown in Fig. 2.6 (a), a tetragonal unit
cell in the ab plane is indicated by the Cu-O-Cu bond, with lattice constants a = b ~
3.81 A. The corresponding Brillouin zone in reciprocal space is defined by two vector
[H00] and [0K0] as shown in Fig. 2.6 (c). In reciprocal space, the general wave vector
Q=(h, k, 1) is in reciprocal lattice units (r.l.u.) of (a*,b*,¢*) = (2n/a,27/b,27/c).
In the parent compound, spins on neighboring Cu atoms (S=1/2) are antiparallel to

each other as shown in Fig. 2.6 (b). The antiferromagnetic order causes the magnetic
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unit cell to be double the size of lattice unit cell in the plane. Because the spins have
a periodicity of 2 unit lattice in real space, the magnetic Bragg peak is at wave vector
Qar=(1/2,1/2) in reciprocal space. The antiferromagnetic Brillouin zone is half of

lattice Brillouin zone as shown in Fig. 2.6 (c).
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Figure 2.6: Schematic of (a) CuO2 plane, indicating positions of the Cu and O atoms
and the lattice parameters, a and b. (b) Antiferromagnetic order of Cu moments, with
filled (empty) circles representing up (down) spins. Solid line indicates the square
lattice unit cell; dashed line denotes the magnetic unit cell. (c¢) Reciprocal space
(hk0) plane. Filled circles: Bragg peak positions corresponding to the lattice. Empty
circle: magnetic Bragg peak due to antiferromagnetic order. Dashed line indicates
the antiferromagnetic Brillouin zone. (d) vector diagram of elastic scattering, and (e)
inelastic scattering. Fig. from Ref. [23, 24]

Neutrons are nuclear particle with both wave and particle-like properties. The

wavelength A and wave vector k = 2w /X can be derived from its energy.

(2.2)
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Where h is Plank’s constant divided by 27, m,, is the mass of neutron. The neutron

scattering is governed by the law of energy and momentum conservation.

Q=k -k (2.4)

Where w is 27 times frequency, E;, k; refer to initial energy, momentum and £y, ks
refer to final energy, momentum of neutrons. Then Aw is the energy transferred to
crystal, the momentum transferred to the crystal is AQ. When Aw=0 the scattering
is elastic as shown in Fig. 2.6 (d). When hw #0 the scattering is inelastic. fuww >0,
neutron energy loss, while hiw <0, neutron energy gain as shown in Fig. 2.6 (e).

In elastic situation, |k;| = |ks|=k. The conservation of momentum in Fig. 2.6 (d)
give:

Q = 2ksin 6, (2.5)

where ¢ is half the angle between k; ky. When the scattering meet the Bragg condi-
tion:

2dsinf = A, (2.6)

Since k = 27 /X and |Q|=|G|, where G is a reciprocal-lattice vector with G=27/d,
where d is the interplanar spacing. By adjust scattering angle 0, energy and direction
of scattering neutrons are determined.

The differential scattering cross section of monoenergetic neutron can be obtained

by Fermi’s golden rule. The differential cross section of nuclear scattering can be
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expressed as:
d? k
o __ N

7 2
,am, ~ VRV S@Qw) (2.7)

where N is the number of unit cells, b is the scattering length and S(Q,w) is the

the scattering function. An elegant way to write the scattering function was given by

Van Hove:
1

SQw) =555

|ttt pa0p-a(0) (23)

where the angle brackets, (---) denote an average over configurations of time t and

pg is the atomic density operator:

palt) = Y €1 (29)

The scattering function only depends on the the momentum and energy transferred
from neutron to the sample, and give information both positions and motions of atoms
in the sample. Therefore, measuring S(Q,w) in neutron scattering experiment let us
determine the microscopic properties of the system.

For elastic nuclear Bragg scattering in a Bravais lattice, the intensity I of Bragg

peaks generalized to:

I(G) oc N|Fy(G)|? (2.10)
where F'(Q), the static nuclear structure factor, is given by

Fn(G) =) be®die s (2.11)
J

where jth atom within the unit cell at position d; with scattering length b; and e~

is the Debye-Waller factor. The crystal structure can be determined by measuring
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structure factor at enough reflections.

Since the neutron has a magnetic dipole moment equals to —yuy, where v=1.913
is the gyromagnetic ratio and uy is the nuclear magneton. Neutron can scatter from
the magnetic moment of an atom via the dipole-dipole interaction. Therefore neutron
scattering can be used to measure the magnetic structure. For unpolarized neutron
scattering from a single species of magnetic atom, the differential cross section for

magnetic scattering is given by

d’o NEy o ow
= ——=pe” . 2.12

where p is amplitude for magnetic scattering and e=2" is the Debye-Waller factor,

and

p=(39f(Q) (2.13)

where ry = e%/m.c? is the classical electron radius, g is the Landé factor (g=2 for net
spin moment), f(Q) is the magnetic form factor, which is the Fourier transform of

normalized unpaired spin density p,(r),

£(Q) = / pu(r) S dr (2.14)

The magnetic scattering function can be written as,

S(Qw) =) (dap — QuQs/Q%)5(Q,w). (2.15)
o,
with,
1 o[ .
5U(Quu) =5 [ dee 3T e (s30)31(0) (2.16)
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Here SP(t) is the is the 8(= z,y, z) component of the component of the atomic spin
at lattice site r and time ¢.
For elastic magnetic scattering from a magnetic ordered crystal, the intensity of

magnetic Bragg peaks I);(Gjs) can be expressed by,

where Nj; is the number of magnetic atoms and Fy/(Gys) is the static magnetic

structure factor, is given by

Fy(Gy) =Y piSi e’ dies (2.18)

J
where jth magnetic atom within the unit cell at position d; with magnetic scattering
amplitude p;, magnetic interaction vector S ;, which is component of S perpendicular
to Q and e="i is the Debye-Waller factor. With crystal structure obtained above,
the magnetic structure can be determined from the static magnetic structure factor.
On the other hand for inelastic scattering, S(Q,w) is related to the imaginary part

of the dynamical spin susceptibility, x”(Q,w) via the fluctuation-dissipation theorem,

"
_ X'(Qu)
S(Qw) = = (2.19)
where (1 — e~™/k8T)~1 ig referred as Bose factor, or detail-balance factor.
In summary, using neutron scattering experiment we can obtain information of
lattice structure and magnetic structure as well as phonon and magnetic excitations

in the crystals.
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2.2.2 Instruments of Neutron scattering

Triple-axis

Figure 2.7: (a) Photo of BT-7 Triple-axis spectrometer at NIST center for neu-
tron research. (b) Schematic for Triple-axis spectrometer with beam path through
monochromator, sample, and analyzer. 6; are scattering angle; C; are collimators.
Fig. from Ref. [23]

The instruments we most frequently used, such as SPINS, BT-7, BT-9 at the
NIST center for neutron research and HB-1, HB-1A at HFIR of ORNL, are Triple-
axis spectrometers. The Triple-axis spectrometer is the most versatile and convenient
instrument to use in elastic and inelastic neutron scattering experiments, because
it allows one to measure energy and momentum space in nearly any coordinates.
The three axes in Triple-axis spectrometer correspond to the axes for rotation of
the monochromator, the sample, and the analyzer [see Fig. 2.7]. The direction and

magnitude of the incident neutron wave vector k; is selected by Bragg scattering on
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the monochromator, which is controlled by ¢, and 65 [see Fig. 2.7 (b)]. The analyzer,
which has a similar function as the monochromator, determines the wave vector k¢ by
Bragg scattering on a analyzer crystal, which is controlled by 05 and 6g [see Fig. 2.7
(b)]. The orientation of the vector k; and ks in the sample’s reciprocal space is
controlled by orienting the scattering angle at the sample, which is controlled by 63
and 0, [see Fig. 2.7 (b)]. Therefore by adjusting -0, we can measure the scattering
at any wave vector Q = ky — k; and energy transfers hiw = E; — Ey in the sample’s
reciprocal space.

Neutron beams from neutron sources need to be constrained on angular diver-
gence. Neutron collimators are used to control the beam divergence in the horizontal
(scattering) plane. The divergence angles on collimators determine the resolution of
the measurement. On the other hand, the energy neutron in Triple-axis spectrometer
is determined by Bragg scattering on monochromator and analyzer. Higher-order
neutrons with wavelengths A/n, where n is an integer, are also allowed. Filters are
used to eliminate neutrons of shorter wavelengths for transmission. Generally, we use
Be filter and Pyrolytic graphite (PG) filter, respectively, for energy constrained below
5.2 and 15 meV.

Time-of-flight

Neutron time-of-flight spectrometer is another form of neutron scattering instru-
ment. The neutron time-of-flight spectrometer typically has an area detector, which
can measure all allowable wave vectors simultaneously [see Fig. 2.8]. Combined phase
choppers are typically used to define the energy and initial time of each neutron pulse.
The initial time and velocity of each pulse of neutrons from the neutron source are

confirmed, and their final positions and the time after the pulse that the neutrons
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Figure 2.8: (a) Schematic of ARCS Time-of-flight spectrometer at SNS of ORNL. (b)
Schematic of components in the Time-of-flight spectrometer. Fig. from Ref. [23]

are detected are measured. Then the travel time and final position on area detectors
may be transformed into momenta and energies for the neutrons. By the principle
of conservation of momentum and energy, the momentum and energy transferred to
the sample can be calculated. It should be noted that the wave vectors Q is coupled
with the energy transfer hiw due to the conservation of momentum and energy. For
example, when measured in [HKO] plane, the actual L is not equal to 0, but a function
of h, k and hw.

Besides Triple-axis and Time-of-flight spectrometers, there are also several neutron
scattering instruments such as backscattering and neutron-spin-echo spectrometers,

which would not be discussed here.
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Chapter 3

Las_,.Ba,Cu0Oy

In this Chapter, I will introduce the ”1/8” anomaly and the ”stripe” model. I will
also discuss our recent experimental results in the Lay_,Ba,CuQy4 system. The results
include Ba doping, Zn impurities and magnetic field effect on superconductivity and

"stripe” order and fluctuations in this system.

3.1 ”1/8” anomaly and ”stripe”

Lay_,Ba,CuO, (LBCO) is famous as the prototypical high temperature super-
conductor. [5] On the other hand, LBCO is also well known for its unusual doping
dependence of the bulk superconductivity. [25] The phase diagram of La,_,Ba,CuQOy4
as a function of the temperature T" and doping concentration x from polycrystalline
samples [25] is illustrated in Fig. 3.1. After the antiferromagnetic order is suppressed
and superconductivity appears, the T, vs. doping x curve should have a dome shape
from around 0.05 to 0.25. However the T, shows a deep depression centered around

x = 1/8, [25] where T, should be nearly as high as optimal-doping. This inter-
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esting phenomenon of mysterious reduction of T, in LBCO system is known as so-
called ”1/8” anomaly problem. Later on, the (weaker) 1/8 anomaly is also found

in Lag_,Sr,CuO4 (LSCO) system [26, 73-75] [see Fig. 3.1] and other cuprate sys-
tems. [28, 76, 77]
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Figure 3.1: Phase diagram of Lay_,Ba,CuO, and Lay_,Sr,CuO,4 as a function of x
and T, constructed from polycrystal and single crystal data from Refs. [25-27]. The
shaded green area indicates the region in which long-range commensurate antifer-
romagnetic order. The shaded blue (dark blue point) area indicates the region in
which bulk superconducting long-range order occurs for LBCO (LSCO). Fig. from
J. M. Tranquada’s talk.

Since the superconductivity is strongly associated with magnetism and structure,
a series of neutron and X-ray diffraction experiments were performed on these sys-
tems. The parent compound of Lay_,Ba,CuO, system is LayCuO,4, which is an
antiferromagnet with Ty ~ 300 K [78, 79]. Commensurate antiferromagnetic Bragg
peaks at Q=(0.5,0.5) (in term of reciprocal lattice unit 27/a, where a is the Cu-
Cu separation) caused by antiferromagnetic ordering is found in La,CuO,4 in (HKO)

plane [shown as stars in Fig. 3.2 (a)]. In doping 1/8 samples, the commensurate
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antiferromagnetic Bragg peaks disappear and are replaced by four broadened in-
commensurate peaks at (0.5+6,0.5) and (0.5,0.5+0) [shown as blue squares and red
circles in Fig. 3.2 (a)] with displacement by small amount § ~ 1/8. [28, 80] Be-
sides the split of magnetic Bragg peaks, new peaks [shown as blue triangles and
red ovals in Fig. 3.2 (a)] are observed displaced by § ~ 1/4 from the (even) lat-
tice Bragg peaks at (£20,2) and (0,2 £ 2J) by both neutron and X-ray. [28, 81—
83] Because of the difficulty in growth of high quality LBCO single crystals, the
static incommensurate peaks were first found in Lay g_,Ndg 4Sr,CuOy [28, 81-83] and
later on confirmed in Las_,Ba,CuQOy, [29, 80, 84, 85] Laj s75Bag 125—.51,CuQOy, [86,
87] Layg_FugSr,CuO, [88, 89] and other cuprate systems, such as YBayCuzO7_s

(YBCO) [90-96] and BizSryCaCuyOs4s (BSCCO). [97, 98]
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Figure 3.2: Schematic of stripe in reciprocal and real space from Refs. [18, 28, 29].
(a) Schematic of diffraction pattern of stripe ordering. Large gray dots: fundamental
lattice Bragg peaks at wave vectors Q = 2m/a. Stars: commensurate antiferromag-
netic Bragg peaks caused by antiferromagnetic ordering. Blue squares and red circles:
incommensurate spin stripe order peaks, displaced from the commensurate peak by a
small amount ¢ related to the doping x. Blue triangles and red ovals: incommensurate
charge stripe order peaks, displaced by 2§ from the fundamental lattice peaks. (b)
Schematic of stripe ordering, which could give rise to the diffraction pattern shown
in (a). Fig. from Ref. [1§]
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Among the debated interpretations for the incommensurate peaks, it is now be-
lieved that in many cases a coupled spin and charge correlations exhibit a 1D ”stripe”
modulation. [18, 28] The schematic illustration of stripe model is shown in Fig. 3.2
(b), the charge carriers in the CuOz planes segregate into hole rich charge stripes [blue
shade in Fig. 3.2 (b)], which form antiphase domain well between intermediate spin
stripes with locally antiferromagnetic correlations. [28] In the charge stripes, there
is one vacancy for every two sites along the stripe and the distance between charge
stripes is a/2x = 4a, which gives the charge periodicity. On the other hand, the
antiphase of spin stripes have double the period of the charge stripes, or a/x = 8a.
The period of spin stripes leads to Bragg peaks displaced from Q by § = x and period
of charge stripes cause Bragg peaks displaced from lattice Bragg peaks by 24. [28]
The stripes in neighboring layers are believed to be perpendicular to each other and
give the four symmetric incommensurate peaks.

The interplay of stripe and superconductivity has not been fully understood. [28,
77, 86, 99] Generally, the static stripe order seems harmful to superconductivity,
which is suggested by the ”1/8” anomaly. [28, 77, 100] There is also evidence suggest-
ing that static stripe may be compatible with pairing and superconductivity; however,
three-dimensional (3D) superconductivity does seem to be frustrated by the stripe or-
der. [30, 101] Two-dimensional (2D) superconducting correlations coexist with stripe
order at a temperature even high than T.. On the other hand, fluctuating stripes
seem to benefit superconductivity, where linear relationship between T, and the in-
commensurability § was found in cuprates. [90, 102, 103] Some mechanism relating
the stripes to the superconductivity in term of spin-gap proximity effect have been
proposed. [104] Moreover the relationship of stripes to superconductivity might not

be just either friend or rival.
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3.2 Doping dependence on Stripe order

To understand the relationship between stripes and superconductivity, we present
our work using neutron scattering as well as static magnetization measurements for a
series of Lay ,Ba,CuO,4 samples with Ba concentrations (9.5% to 15.5%) around
71/8”. [27] The correlations between stripe order, superconductivity, and crystal
structure in Lay_,Ba,CuQ, single crystals have been studied. Temperature versus

Ba-concentration phase diagram were obtained and shown in Fig. 3.3.
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Figure 3.3: (a) Phase diagram of Lay_,Ba,CuQO, as a function of x around 1/8 and
T from single crystals. Onset temperatures: T, of bulk superconductivity (SC),
Teo of charge stripe order (CO), Tgo of spin stripe order (SO), and Ty of the low
temperature structural phases LTT and LTLO . Solid and dashed lines are guides to
the eye. The data points in this figure are determined from magnetic susceptibility
measurements, neutron diffraction and X-ray diffraction. Fig. from Ref. [27]

The single-crystal samples used here were grown by the traveling-solvent floating-
zone method as described in Chapter 2. The neutron scattering experiments were
performed at SPINS at NIST center for neutron research, with beam collimations

55’-807-S-80’-open (S=sample) and fixed final energy of 5 meV. A cooled Be filter
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was put after the sample to reduce contamination from higher-order reflections of the
analyzer. Part of neutron scattering experiments on 9.5% were measured on HB-1 at
High Flux Isotope Reactor, Oak Ridge National Laboratory, with beam collimations
48’-60’-S-60’-240" and fixed final energy of 14.7 meV. Pyrolytic graphite (PG) filters
were put before and after the sample. The samples were mounted with ab-plane
horizontal, where (HKO0) zone is in the scattering plane. The data are described
in reciprocal lattice units (r.l.u.) of (a*,b*,¢*) = (2n/a,27/b,27/c) with tetragonal

lattice constant: a=ba3.78 Aand c~13.2 A.
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Figure 3.4: Normalized ZFC susceptibility versus temperature for a magnetic field of
H = 100 Oe. applied parallel to the c-axis of a series of Lay_,Ba,CuQO,. Data in (a)
are for x <1/8 and in (b) for x >1/8. from Ref. [27]

The bulk susceptibility results in Fig. 3.4 were obtained using a superconducting
quantum interference device (SQUID) magnetometer. Small (~0.5 g) well-polished
samples were measured with vertical 100 Oe (0.01 T) magnetic field applied perpen-
dicular to the ab plane. In Fig. 3.4 (a), the bulk T, decreases for = >0.095 with

increasing = and reaches a minimum at 1/8-doping, while Tc increases again for
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x >1/8 by increasing x shown in Fig. 3.4 (b). The bulk SC T, shown as green shade
in phase diagram Fig. 3.3 were each determined from the intercept of the tangent to
the steepest part of the curve and y=0, except x=0.135. Susceptibility of x=0.135
has a very broad transition, which may originate from a very steep phase boundary
in that region, or sample inhomogeneity. T. for z=0.135 is identified by the onset
temperature of the transition.

Cooling from room temperature, Las_,Ba,CuQO4 samples will undergo two struc-
tural transitions: a second-order transition from high-temperature-tetragonal (HTT)
to low-temperature-orthorhombic (LTO), and a first-order transition from LTO to an-
other low temperature phase which can either be low-temperature-tetragonal (LTT)
or the low-temperature-less-orthorhombic (LTLO) phase, which is a possible interme-
diate phase between LTO and LTT. [105] The transition temperature Tgp of HTT
to LTO has been measured by X-ray diffraction as shown in Fig. 3.7 (a). [27] The
Tur decreases linearly with increasing z, and the slope corresponds to dTyr/dx ~
23.1K/0.01Ba. So Tyr can be used to estimate the deviation of actual Ba concen-
tration from the nominal composition of the samples.

The second transition temperature Ty of LTO to either LTT or LTLO was mea-
sured by neutron scattering. To examine the T, the temperature dependence of the
(1,0,0) Bragg peak, which is allowed in the LTT and LTLO phases, but not in the LTO
phase, was measured as shown in Fig. 3.5 (a). Except 2=0.095, the low temperature
phase is LTT, the intensities were measured by sitting on the (100) Bragg peak. For
x=0.095, where the low temperature phase is LTLO, the intensities were obtained by
peak intensity from scans across the peak. When a sample is cooled below T, the
(100) Bragg peak intensity increases abruptly in a parameter-order-like transition as

in Fig 3.5(a), which is indicative of the transitions first order nature. On the other
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Figure 3.5: Temperature dependence of the peak intensity for (a) (100) Bragg peak
superstructure peak normalized at low temperature, and, (b) super lattice peak
(0.549,0.5,0) corresponding to the spin-stripe order for La,_,Ba,CuO, with x=0.095
(green square), 0.115 (blue circle), 0.125 (red diamond) and 0.135 (purple triangle).
The stripe-order peak intensity has been superstructure peak normalized at low tem-
perature. Lines through data are guides to the eyes.
hand, this also indicates a high homogeneity of our crystals stoichiometry and quality.
The spin stripe order was studied by neutron scattering. The spin stripe order
peaks were found in all samples with z <0.135. The magnetic ordering wave vectors
of the spin stripe order peaks are (0.5+6,0.5,0), which are displaced by ¢ from the
position of the commensurate magnetic Bragg peak in the AF parent compound
LayCuQy. The h-scan through the (0.5+4, 0.5, 0) peak for the different dopings
at 5 K are shown in Fig. 3.6. The data here were taken at SPINS with identical

configuration and is normalized by the crystal volume in the beam, thus allowing
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a direct comparison of the intensities. The maximum of the spin stripe order peak
is for x=1/8, which has the lowest T, and the intensity decreases for x apart from
1/8, where the T, increases. The peak of £=0.095 is definitely much weaker, which
intensity is only 1/10 of the x=1/8, while this crystal is a good bulk superconductor
with highest T.. This clearly suggests that the static spin stripe order is "bad” for
bulk superconductivity, the stronger the static spin stripe order, the more reduction
in the T.. This relation is also consistent with previous results in LSCO related
samples. [28; 77, 86, 106, 107]

The temperature dependence of the normalized peak intensity of the spin order
peak are plotted in Fig 3.5(b). Comparing to results in Fig 3.5 (a), the onset tem-
peratures of spin order are always below T 7, suggesting that the static spin stripe
developed in the LTT symmetry. [28, 80, 108, 109] The temperature dependence of
the spin order and (1,0,0) peak intensities evolve differently in Fig 3.5, where the
spin order peaks show very broad transitions. The Tgp are determined by the tem-
perature when the spin order peaks start to broaden instead of onset of spin order
peak, because truly static spin order sets in below the onset temperature seen by
neutron diffraction. The difference is due to the coarser energy resolution of neutron
diffraction, which can integrate over low-energy spin fluctuations at T > Tgp. [110]
The spin order temperature, Tgo, has also been checked by muon spin rotation (uSR)
spectroscopy [111] and by a single-crystal magnetization study. [27, 112]

As one can see in Fig. 3.6, the center of spin stripe peak shifts to higher h with
increasing . The incommensurability ¢ derived from the fitting of spin order peaks by
neutron scattering are plotted in Fig. 3.7 (b). The incommensurability ¢ derived from
charge order peaks from Ref. [27] have good agreement with the values determined

with spin order peaks and are also plotted in Fig. 3.7 (b). The values of § here well
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Figure 3.6: In-plane scans through one of the spin stripe order peak (0.5+6,0.5,0) (see
the inset) for different Ba concentrations, 0.095 (green square), 0.115 (blue circle),
0.125 (red diamond) and 0.135 (purple triangle), 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 by crystal volume to the results of the 0.125 sample.
follow the estimated trend based on experimental results in LSCO systems, where
§ =z for x <1/8 and saturates for x >0.125. [28, 86, 102] Since ¢ is proportional to
the inverse of the spin and charge modulation period, and the § ~ x behavior suggests
that the modulation period decreases with increasing = for x <1/8. For x >0.125,
the modulation seems to be saturate with period of 4 for charge stripe. More hole
doping seems to just increase the hole concentration in the charge stripe. [102]

The charge stripe order was studied with high energy single-crystal X-ray diffrac-
tion (XRD), where the atomic displacements affected by charge density modulation

were measured. Charge stripe order peaks were found around (2+24,0,5.5) in all

samples. [27] The onset temperature of charge order T¢o always coincides with the
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Figure 3.7: Crucial parameters of stripe phase and crystal structure in La2.xBaxCuO4
versus nominal Ba content. (a) HT'T to LTO transition temperature Ty7 (b) Incom-
mensurability 0 extracted with XRD from the charge order peak and with neutron
scattering from the spin order peak. The solid lines d=x and 0=1/8 describe the low
and high = reference of the stripe model. Fig. from Ref. [27]

LTO to LTT/LTLO transition, so Tco=T 7, for x <0.135 as shown in phase diagram
Fig. 3.3. The peak intensity is maximum at x=1/8 and falls off rapidly for x apart
from 1/8, similar to the case of the spin order peaks.

The summary of the doping dependence of transition temperature of bulk super-
conductivity T, low temperature structure phase Ty, charge stripe order T¢p and
spin stripe order Tgo give the phase diagram with Ba concentration near the 1/8
shown in Fig. 3.3 and listed in Table 3.1. Both intensities and order temperature of
magnetic and the charge stripe order are maximum at x=1/8, where bulk supercon-
ductivity is most strongly suppressed. The stripe order seems to compete and coexist

with the bulk superconductivity.
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Table 3.1: Summary of the doping dependence in Lay,_,Ba,CuQ4. Doping x, transi-
tion temperature of bulk superconductivity T., high and low temperature structure
phase Tyt and T, charge stripe order Too and spin stripe order Tgp, incommen-
surability ¢.

z (%) Te(K) Tur (K) Tir (K) T (K) T (K) 6 (rlu)

9.5 32 310 27 27 27 0.105
11.5 13 271 52 51 38 0.112
12.5 3 235 95 o4 42 0.118
13.5 7 223 o8 95 39 0.120
15.5 30 157 45 45 0.123

3.3 Dynamic stripes in LBCO 2=9.5%

The static spin stripe order correlates with decrease of bulk superconductivity,
while the nature of magnetic excitation in high temperature superconductivity seems
correlated with dynamic stripe. [29, 113, 114] Almost all observed features of the
magnetic scattering from cuprate superconductors can be described by a universal
magnetic excitation spectrum multiplied by a spin gap function. [113] The universal
magnetic excitation spectrum seems correlated with dynamic stripe. [29]

Most previous inelastic neutron scattering works in LBCO system focus on 2=1/8.
In this section, we will present an investigation of low-energy magnetic excitations
(up to 12 meV) in LBCO with 2=0.095. Comparing to 1/8, LBCO with £=0.095 has
the highest T, in the LBCO system and comparatively weak static stripe order at low
temperature. [27] The crystal with 2=0.095 has a unique feature, where the structure
phase transition occurs just below the superconducting (SC) transition. Fig. 3.8 (b)
shows the field-cooled magnetic susceptibility measured by SQUID. After the initial
onset of bulk SC in the LTO phase at T. = 32 K, SC collapses below 30 K when

both the LTO to LTLO and the charge stripe order (CO) transition occur, as shown
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in Fig. 3.8 (a). Once the transformation is complete, bulk SC reappears.
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Figure 3.8: Superconductivity and structure transition in Laj go5Bag.09g5CuOy4. Tem-
perature dependence of (a) Integrated intensity of the (1,0,0) superstructure reflec-
tion, (b) Field cooled signal for H = 100 G applied parallel to the c-axis and the
ab-plane. T, indicates the onset of bulk SC in the LTO phase. T¢%%¢ and T¢%¢ de-
note the onset and the completion of the LTO to LTLO transition, respectively. Fig.
from Ref. [27]

LBCO with x=0.095 has a mix structure of LTT and LTO instead of pure LTT as
LBCO with 2=1/8 just below phase transition temperature. In Fig. 3.9, we plot the
scans showing the temperature evolution of the peaks from the LTO to LTT phase.
The scan direction and peak patterns are shown in the insets. At 54 K, there are two
strong LTO peaks (open grey circles), so scan gives rise to the profile as shown in
Fig. 3.9(a). With cooling, the orthorhombicity is decreasing, and the tetragonal peak

[indicated by the closed circle in the inset] starts to show up at 33 K. Along with two
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weaker LTO peaks, the scan has a three-peak shape around transition temperature.
With further cooling to 27 K, the orthorhombic peaks are almost gone, and become
shoulders of the LTT peak as shown in Fig. 3.9 (c¢). Below 27 K, the system is in
the LTT phase, and scan results in a single-peak profile as shown in Fig. 3.9 (d). A
high-resolution X-ray scattering study has shown a LTLO splitting of the Bragg peak
at low temperature, [27] which cannot resolve by neutron scattering due to resolution

limit.

Intensity (10° cts/sec)

0.96 0.98 1.00 1.02 1.04
h (riu)

Figure 3.9: Evolution from LTO peaks at 54 K to the LTT peak at 12 K. Insets show
the schematics of the peak patterns, and the scan direction. In the insets, closed
circles: LTT peaks; open circles: LTO peaks.

The neutron scattering experiments were performed at triple-axis HB-1 (at HFIR,
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Oak Ridge National Laboratory), BT-7 and Multi Axis Crystal Spectrometer (MACS) [115]
(at NCNR, National Institute of Standards Technology). On HB-1, we used beam
collimations 48-60’-S-60’-240" and fixed final energy of 13.5 meV. On BT-7, we used
beam collimations open-80’-S-50’-50" and fixed final energy of 14.7 meV. Pyrolytic
graphite (PG) filters were put after the sample to reduce contamination from higher-
order neutrons. On MACS, we used beam collimations of 100’-open-S-90’-open with
E¢=5.0 meV and Be filter was put after the sample. The samples were mounted with
ab-plane horizontal and the scattering plane (H K0) defined by vectors [100] and [010].
The scattering vectors @) = (h, k,[) are specified in reciprocal lattice units (r.l.u.) of
(27 /a, 27 /b, 27 /c), where a = b ~3.78 Aand ¢ ~13.2 Aare the lattice parameters of
the HT'T phase.

MACS is a new cold neutron spectrometer under development at NIST. Double
focusing monochromator provides MACS very high neutron beam flux at sample posi-
tion. The detection system for MACS consists of twenty independent monochromatic
channels instead of one in conventional triple-axis. The multi-detector system allows
MACS to measure a series of Q simultaneously. Here L is fixed at 0 for the scattering
plane, whereas it is typically a function of H, K and E in time-of-flight spectra. In
addition, QQ and E resolution of MACS is also better due to using cold neutron source.

We performed constant-energy mesh scans to map out the cross-section of mag-
netic excitations by MACS for several energies and temperatures. Fig. 3.10 (a)-(c)
show the 1 meV slices of the magnetic scattering near the antiferromagnetic wave
vector, Q4r=(0.5, 0.5) below and above T.. Four incommensurate peaks character-
istic of stripe correlations are clearly seen in slices (a). Since we knew that static
spin stripe order is present in the sample below structure transition temperature T rp

(Tsnd 27 K), [27, 30] the substantial peak intensities at 1.5 K suggest that no gap in
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Figure 3.10: Image of constant-energy cross-section of magnetic scattering of
Lay g05Bag 095 CuO4 measured on MACS . Intensity measured with fiw=1 meV at (a)
60 K, (b) 32 K, (c) 1.5 K. (d)-(f) are fits to the cross-section described by four lattice
Lorentzian (LL) peaks at (0.5, 0.5£d) and (0.5+6, 0.5), where § is the incommensu-
rability.
the spin excitation spectrum is observed in the superconducting state for this com-
pound. The distances between the pair of incommensurate peaks shorten and the
peak width broadens with increasing temperature. The peaks appear to over-lap
with increasing temperature as shown in panel (c).

The four incommensurate peaks have four-fold symmetric position about Q.
Therefore we fit the data with a model described by four resolution corrected lattice

Lorentzian (LL) peaks at (0.5£4,0.5) and (0.5,0.540), where § is the incommensu-

rability. The profile of the peak is product of Voigt functions, which is Lorentzian
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function convoluted with the Gaussian resolution.

Vi) = /_ Y Ll — )G ) (3.1)

[e.o]

Where L(x) is is Lorentzian function and G(z’) Gaussian function for resolution and

Voigt function can be described as:

o0 —y?
Vo = o w 3.2)
where a = r/v270 and u = (z — 1) /v/270. Here g is the peak center; & is the peak
width and o is the resolution. The fitting results are plotted in Fig. 3.10 (d)-(f).
Due to limit of energy transfer at small-Q on MACS, energy transfer iw >6 meV
were measured on BT-7. Fig. 3.11 (a)-(b) show the linear constant-energy scans for
hw =6 and 10 meV at 5 K. The incommensurate peaks were fitted by two Lorentzian
functions. The peak center are plotted by open circles in panel (c¢) as well as the
spin spectrum below 6 meV, which are real data measured on MACS. The spectrum
disperses inward from the incommensurate elastic peaks below 6 meV and weakly
changes above 6 meV. The dispersion is similar with results of LSCO, which have
similar T, and doping. [116-118] The dispersion also qualitatively agrees with the
universal magnetic excitation spectrum found in hole-doped cuprates. [24, 113, 119]
Fig. 3.12 shows the energy dependence of dynamical magnetic susceptibility, x”,
incommensurability ¢ and peak width x for a number of temperatures. The imaginary

part of the spin susceptibility x”(w), which integrate Q of x"(Q,w) = S(Q,w)(1 —

efﬁw/kBT)

2

. The energy dependence of \” is shown in panel (a). x” is almost inde-

pendent of w for hw >6 meV for all temperatures. x” above 6 meV has no difference
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Figure 3.11: Magnetic excitations of Laj go5sBag.095CuOy4 at 5 K measured on BT-7.
Linear scans through the spin stripe excitation peaks at (a) 10 meV, (b) 6 meV. The
line are guide for the eye from fitting of 2 Lorentzian peaks. (c) Dispersion of the
excitations, the image below 6 meV are data from MACS. The circle are peak centers
from the fitting of linear scans as (a) and (b) from BT-7 data.

for temperature below and just above T.. The behavior of ¥” with Aw <6 meV is
different. In the spin stripe order phase, there is a sharp increase of x” below 3 meV,
which may correspond to presence of quasi static spin stripe order. In LSCO 16%,
which has similar T., [116, 118] spin gap below 7 meV and resonance of 12 meV
was observed in superconducting state. The x” of LSCO below T, is almost equal
to zero below 7 meV and sharply increase above 7 meV and has significant change
above T.. [118] The behavior of x” in superconducting state here is totaly different
with results in LSCO 16%, suggests that there is no spin gap or resonance associated

2

with superconductivity in this compound. At temperature above T, ¥” is a linear
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Figure 3.12:  (a) Imaginary part of the dynamical magnetic susceptibility, y”(w)
(b) Incommensurability § (c) resolution-corrected peak width (half width at half
maximum) & of IC peaks as a function of hw in Laj gosBaggsCuOy at 1.5 K (red
circle), 32 K (blue diamond), 60 K (green square) and 120 K (purple triangle). Points
with Aw <7 meV are from fitting of MACS data, points with hw >8 meV are from
fitting of linear scans from BT-7.
decrease towards zero at lower energy. At higher temperatures, the overall magnitude
of X" is gradually reduced with increasing temperature. The feature of x” above Ty
is what one expects to see for spin fluctuations in a disordered spin system and quite
similar to what is observed in LBCO 1/8 and LSCO. [80, 116]

The energy dependence of incommensurability § is shown in panel (b). For lower
temperatures 1.5 K and 32 K, 0 gradually decreases with increasing energy below

6 meV and weakly change above 6 meV. While ¢ is slightly smaller than the value

found in static spin stripe peaks, [27] possibly due to some meandering or disorder
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in stripes. The dispersion of § almost disappears above 60 K, where ¢ are almost
independent of energy at 60 K and 120 K. The energy dependence of resolution-
corrected peak width x are shown in panel (c¢). For lower temperatures 1.5 K and
32 K, k is roughly independent of energy. On temperatures above 60 K, x has a large
value at low energy and decease with energy increasing, while changes relatively little

for Aw >4 meV.

0'8 [ 1 meV |

2 meV
0.6 1

™ oaf i% |
%

0.2 | ]
(a)

@
|
0.0 |
0.70 |
|
0.09 |
5 %@ |
0.08 % <§><5 1
il
0.07 - |
|
|
|
L
|
|
t
0]
f
T
|
|
|
|
|
L

o (rlu.)

0.06

0.05
0.12

0.10 -

0.08 %

0.06 %?

0.045{;@

0.02 *(c)

0.00 ‘ ‘ ‘
0 50 100 150
T(K)
Figure 3.13: (a) Imaginary part of the dynamical magnetic susceptibility, x”(w) (b)
Incommensurability § (c) resolution-corrected peak width (half width at half maxi-
mum) « of IC peaks as a function of temperature in Laj g05Bag 95 CuOy at 1 meV (red
circle), 2 meV (blue diamond) and 6 meV (green square). Points of 1 and 6 meV
are from fitting of MACS data, while points of 2 meV are from fitting of HB-1 data.
Vertical lines indicate Tgo (orange), T. (teal) and Typ of 2D vortex liquid (purple).
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Fig. 3.13 shows the temperature dependence of fitting parameters for 1 meV,

2 meV and 6 meV. The temperature dependence of x” is shown in panel (a). The
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temperature dependence of x” of 1 meV and 2 meV exhibit a sharp kink around
T, while ¥ starts to increase around T. upon cooling due to the ordering of spin
fluctuation. The temperature dependence of x” of 6 meV shows different behavior,
which is not affected by the phase transition at T. and Tr7. The ¥” of 6 meV starts
to decrease around 60 K, which is consistent with the phase transition of 2D vortex
liquid phase. [30]

The temperature dependence of incommensurability ¢ is shown in panel (b). There
is a jump in  for 1 meV at Ty suggesting a lock-in effect, with the stripe spacing
adjusting to be commensurate with the modulated lattice potential that pins the
stripes in the LTT phase. Above T;7, § decreases with increasing temperature. The
temperature dependence of resolution-corrected peak width x is shown in panel (c).
The x of 1 meV is almost constant below T 7, while it increase on warming up above
Tyr. It seems the low energy spin fluctuations more easily lose coherence in the
disordered state.

The low energy spin fluctuations of LBCO x=0.095 in the normal state are quan-
titatively similar to the results in LBCO x=1/8. [80] The feature of X7, 0 and x in
transition to spin stripe order phase is also similar in LBCO x=1/8. [80] However
behavior of low energy spin fluctuations below Ty is different. x” in LBCO z=1/8
is independent of energy, which is expectation for spin waves, while x” in LBCO
x=0.095 shows an upturn below 3 meV, which may be due to the freezing of the
low-frequency spin fluctuations. [120] On the other hand, the low energy spin fluctu-
ations in LBCO z=1/8 are resolution limited and x increases roughly linearly with
energy, while x in LBCO x=0.095 has a finite value and is almost independent with
energy. This result suggests that the spin stripe order in LBCO 2=0.095 may be

short-range order since we known that the spin order is very weak and develops in
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a somewhat glassy fashion in £=0.095 instead of a parameter-order-like behavior in
LBCO x=1/8. [27, 80]

It is also interesting to compare our results with other underdoped cuprates. For
underdoped LSCO, [116, 120, 121] the low energy spin fluctuations in the supercon-
ducting state are similar to these in LBCO x=0.095, although no static stripe order
was found in the underdoped LSCO at low temperature without pinning by impuri-
ties or external magnetic field. [87, 122, 123] There is also no significant spin gap or
resonance observed in superconducting state underdoped and overdoped LSCO. [116]
Since underdoped LSCO and LBCO x=0.095 have similar T, the upturn of x” at low
E may also due to freezing of the low-frequency spin fluctuations in superconducting
state. [120]

Fermi-surface-nesting seems not to work well to understand the incommensurate
spin fluctuations for LBCO system. [124] The missing of spin gap and resonance
and hour-glass-like spectrum is beyond the explanation in terms of Fermi-surface-
nesting of the shape of Fermi surface from photoemission measurements [? |. On
the other hand, our measurements provide clear evidence of the dynamic stripe
phase presence. The dynamic stripe scenario provides an approach for understanding
the universal magnetic excitation spectrum in cuprates, such as YBCO, LSCO and
LBCO. [24, 29, 113] The electrons in superconductivity and magnetism seem differ-
ent. The couple of conducting electrons and local magnetic excitation leads to high
temperature superconductivity. [124]

In summary, we have studied the energy and temperature dependence of the spin
fluctuations for Laj go5Bag.0o5CuOy4 using neutron inelastic scattering. Incommensu-
rate spin excitations observed in this compound below 180 K provide clear evidence

for dynamic spin stripes. No clear spin gap or resonance is observed in the supercon-
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ducting state even though this compound has the highest T, in the LBCO system.
The magnetic spectrum due to dynamic stripes seems to be universal in high tem-

perature superconductors.

3.4 Magnetic field effect on Stripe order

One possible way to explore the correlation between the superconductivity and
stripe order is study the impact of a magnetic field. A perpendicular magnetic field
can penetrate the layers as quantized flux screened by superconducting vortices. This
usually affects both the bulk superconductivity and the stripe order. [125-129] We
have performed neutron scattering as well as static magnetization measurements on a
Lay 905 Bag. 095 CuQy single crystal under a magnetic field perpendicular to the ab-plane.

The neutron diffraction experiments were performed with triple-axis spectrom-
eter, SPINS, located at NIST Center for Neutron Research, at National Institute
of Standards Technology, using beam collimations of 55’-80’-S-80’-open (S =sample)
with E;=5 meV. To reduce contamination from higher-order neutrons, cooled Be
filters put before and after the sample. The samples were mounted with ab-plane
parallel to the scattering plane and (HK0) plane defined by vectors [100] and [010].
The scattering vectors Q = (h, k, 1) are specified in reciprocal lattice units (r.L.u.) of
(27 /a, 27 /b, 27 /c), where a = b~ 3.78 Aand ¢ ~ 13.2 A. are the lattice parameters of
the HTT phase. A vertical-field superconducting magnet was used, and the applied
field was perpendicular to the ab-plane.

Wen et.al [30] have measured the temperature dependence of the electrical re-
sistivity in single crystals of LBCO x=0.095 by the standard four-probe technique,

in a Physical Properties Measurement System (PPMS) from Quantum Design. The
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resistance parallel (p) and perpendicular (p,) to the planes have been investigated
under the impact of a magnetic field of H, applied to the planes. The temperature
of zero resistivity for pj and p, are plotted in Fig. 3.14. The field has a drastic effect
on p,, the transition temperature is highly suppressed from 32 K to around 5 K. In
constrast the impact of field on p is rather weak, with T, only decreasing to around
27 K. We find that there is a broad regime where pj is zero but p; is not. This

suggests there is a uniaxial resistivity caused by the perpendicular magnetic field.
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Figure 3.14: Phase diagram for vortex matter in a perpendicular field (HL ab-plane).
Experimentally-determined Zero-resistivity transition temperature for a range of mag-
netic fields. For p, (blue circles) and p; (green squares). Fig. from Ref. [30]

Temperature dependence of intensity of spin stripe order peak is measured by
neutron scattering and shown in Fig. 3.15 (a). The external magnetic field perpen-
dicular to the ab-plane enhances the intensity of spin stripe order peak for whole
temperature range. The way the order develops is almost the same as that without
field and the onset temperature of spin stripe order seems unaffected under the field.
Temperature dependence of intensity of charge stripe order peak and lattice Bragg
peak (300) is measured by X-ray diffraction and shown in Fig. 3.15 (b)-(c). Similar
enhancement is found for the charge stripe order peak intensities. On the other hand,

the low temperature structure transition is not affected by the field and shows the
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same phase transition at Ty ~ 27 K.

The perpendicular magnetic field can penetrate the layers as quantized flux screened
by superconducting vortices, and weakens the Josephson coupling, [130] and eventu-
ally leading to a loss of superconducting order. [131] While theory suggests that it is
impossible for a homogeneous three-dimensional crystal to exhibit superconducting
order in two directions but not in the third. [132-134] The crystal symmetry change
in structure weakly pins charge and spin stripe order in zero field [99] and the en-
hancement of stripe order by a perpendicular magnetic field. The stripe order is
presumably associated with the vortex cores [125, 127] and weakens the Josephson
coupling between layers. [101, 135-137] Vortex-nucleated stripe order seems enhance
the 2D pinning of vortices, which cause phase fluctuations between the layers and do
not affect the superconducting correlations within each layers.

To summarize, perpendicular magnetic field induce a phase in which zero resistiv-
ity is observed parallel to the layers but application of a finite measurement current
perpendicular to the layers results in a finite resistivity in Laj gg5Bagg95CuO4. We
have demonstrated that the perpendicular magnetic field clearly enhance both spin
and charge stripe order. The stripe order seems to be associated with vortex cores
and weakens the Josephson coupling between layers, which eventually leading to the

uniaxial loss of superconducting order.

3.5 Zn impurity effect on Stripe order

To better understand the interplay between stripe correlations and superconduc-
tivity in cuprates, doping Zn into LBCO (x=0.095) is one way to examine the co-

existence and competitions between stripe order and superconductivity, since it is

o6



Intensity (arb. unit)

Figure 3.15: Impact of a perpendicular magnetic field on spin and charge order. a,
Integrated intensity of the magnetic spin order superlattice peak at wave vector (0.6,
0.5, 0) in H=0 T (violet circles) and 7 T (red squares), obtained by neutron diffraction.
b, Integrated intensity of the charge-order superlattice peak (0.2, 0, 8.5) in H=0 T
(violet circles) and 10 T (red diamonds), obtained by X-ray diffraction. ¢, Integrated
intensity of the (300) superlattice peak, characterizing the structural transition to
the low-temperature phase, in 0 T and 10 T as in b. For a and b, intensities are
normalized (approximately) to results for LBCO 2=0.125 in zero field; [? | for c,
intensities are normalized at low temperature. Error bars reflect counting statistics.
Lines through the data points are guides to the eye. Gray regions emphasize the
change induced by the magnetic field. Fig. from Ref. [30]

known that Zn doping will greatly suppress the superconductivity, such as in LSCO
(x=0.15). [87] Small amounts of Zn was found to induce stabilization in particular for
the spin stripe order (SO). [87, 138] To further elucidate the possible mechanisms by
which stripes can be stabilized, we decided to study the effect of Zn-doping on LBCO,
a system where CO and SO forms naturally without impurity doping or magnetic field.
We have performed neutron scattering as well as static magnetization measurements

on a pure La1.905Bao.095CHO4 and a Zn—doped La1.905Ba0,095CuZn0.00104 single crystals

samples.

o7



The LBCO95 and LBCZ095 single crystals were grown with the traveling-solvent
floating-zone technique. The neutron diffraction experiments with triple-axis spec-
trometer HB-1A at the High Flux Isotope Reactor, Oak Ridge National Laboratory,
using beam collimations of 48'-48’-S-40-136" with £y = 14.7 meV. To reduce contami-
nation from higher-order neutrons, pyrolytic graphite (PG) filters were put before and
after the sample. The samples were mounted with ab-plane parallel to the scattering
plane and (H K0) plane defined by vectors [100] and [010]. The scattering vectors Q
= (h, k, 1) are specified in reciprocal lattice units (r.L.u.) of (27/a, 27 /b, 27 /c), where

a=b~3.78 Aand ¢ ~ 13.2 A. are the lattice parameters of the HTT phase.

r T r r r
02 +H=100G i

<
=]

|———e—Hjc ¢
—O0——0—Hifab ||

o
)
! |

¥ (arb. units)
T

0 10 20 30 40
T (K)

Figure 3.16: Normalized field cooled susceptibility vs T of pure and Zn doped
Laj go5Bag o5 CuOy4 at H = 100 G applied parallel ab-plane and c-axis. Fig. from
Ref. [31]

The SC properties of two samples have been characterized with a SQUID-magnetometer
for H parallel and perpendicular to the CuOs planes. The normalized magnetic sus-

ceptibility, x = M/H with H = 100 G, are displayed in Fig. 3.16. LBCO95 shows a
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peculiar sequence of transitions with T, ~32 K, same as shown in Fig. 3.8. Another
dip at 27 K coincides with the completion of the LTO to LTLO transition. [27] As
expect, the superconductivity is suppressed in the LBCZ0O95 crystal, which shows a
much simpler behavior. There is only one transition at T, ~18 K, which is pushed

below those in LBCO95 by the Zn.
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Figure 3.17:  Crystal structure and stripe order of pure and 7Zn doped
Lay g05Bag.n9sCuOy4. (a) Normalized integrated intensity of (3,0,0) peak. (d) Lin-
ear scans through (0.5, 0.5+, 0) spin order peak. Intensity take from difference of
10 K and 50 K data. Inset: spin order pea in (HKO0) plane. Fig. from Ref. [31]

The LTO to LTLO transition has been analyzed by X-ray diffraction (XRD). [31]
The temperature dependence of the (3,0,0) peak intensity, which is allowed in the
LTLO phases, but not in the LTO phase, is plotted in Fig. 3.17 (a). The XRD data
show a significant change of the curves by Zn. While the transition is very sharp
in LBCQOY5, it is very broad in LBCZ095, even though the onset temperatures are
about the same.

The neutron scattering scans through the SO-peak are shown in Fig. 3.17 (b). The
weak spin-stripe order peak in LBCO95 is clearly enhanced in Zn-doped one. The
stripe-order-peak intensity at 5 K is almost doubled. This enhancement of the peak

intensity is consistent with previous works on Zn doped LSCO, which shows that Zn
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will increase the spectral weight for low-energy and elastic magnetic scattering. [87,
109, 139] The peak width, corresponding to the spin-spin correlation length, remains
roughly the same with and without Zn. The onset temperature of spin order is
similar, while the temperature dependence of the spin order is rather different for
these two samples, as can be seen from Fig. 3.17 (c¢). In the Zn-free sample, the
stripe-order peak intensity increases slowly with cooling, showing a glassy behavior,
while in the 1% Zn doped sample, the intensity increases much more rapidly, as in a
second order transition. On the other hand, We have also applied magnetic field on
the 1% Zn doped sample, It appears that the 7-T magnetic field can further enhance
the peak intensity in the Zn-doped sample at low temperature, similar as for the Zn-
free sample. Zn is non-magnetic element, and such a small impurity level should not
affect the magnetic order too much itself, but by pinning the stripes, it can reduce
the bulk superconductivity effectively.

The charge order peak at q=(26,0,8.5), which is the most intense CO reflection
observed in LBCO95 by X-ray diffraction, is strangely absent. [27] According to the
stripe model, SO and CO are intimately connected [28, 140]. Without charge stripes,
which act as anti-phase domain boundaries between spin stripes, the incommensurate
SO would disintegrate, or become commensurate. CO seems to be more sensitive to
Zn impurities than SO. For charge carriers, Zn impurities act as localization cen-
ters, [141] and because of their random distribution may cause significant disorder in
the CO pattern. If the associated broadening of the CO-peaks is strong they may
become undetectable, because at x=0.095, the CO-peaks are much smaller than at
x=0.125.

In summary, we have shown that Zn-doping suppresses the bulk superconductivity

and enhances the spin stripe order. The spin stripe order peak intensity is doubled

60



from that of the Zn-free sample, and the order is developing more rapidly. The Zn
doping has little effect on structural transition, while making charge stripe order
surprisingly absent. Our study on the Zn-free sample and the Zn-substituted sample
on the superconductivity and stripe order clearly demonstrate that spin stripe order

is competing with the bulk superconductivity.
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Chapter 4

F€1+5Tel_xsex

In this Chapter, I will present our experiments results in the Fe; ,Te;_,Se, sys-
tem. The results include Se doping, Fe impurities and magnetic field effect on super-

conductivity and magnetic correlations in this system.

4.1 Phase diagram of Fe; ;Te;_,Se,

The discovery of iron-based superconductors in 2008, provide chance to extend
the research of magnetic correlations in high temperature superconductivity. Among
four systems of iron-based superconductors, only the 711”7 system has compounds
FeTe;_,Se, without Arsenic (As). My research works in iron-based superconductors
are mainly focussed on the ”11”7 system. The superconductivity in "11” system was
first discovered in FeSe with T. ~ 8 K. [14] The transition temperature was found
continuously to increase to ~ 36 K under high pressure. [53] By replacing Se by Te,
the T. under ambient pressure was found to have maximum at ~ 14 K with Te:Se

ratio ~ 1:1. [50, 51, 142, 143] No static magnetic order was found in FeSe, while FeTe
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was found to be non-superconducting and exhibits long range static magnetic order
below ~ 70 K. [144-146] Therefore, FeTe, which is similar to undoped compound in
cuprate and other iron-based superconductors, is considered as the parent compound

for the 7117 system. [32, 146]
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Figure 4.1: Phase diagram of FeTe; ,Se, as a function of = and T, constructed
from single crystal bulk magnetization data. For x = 100%, the data point is from
Refs. [14, 32, 33]. The nominal Fe content, y = 0 unless it is specified. Temperature
labels are described in the text. Fig. from Ref. [34]

The phase diagram for Fe;,sTe; ,Se, based on doping x and temperature T ob-
tained from the bulk susceptibility data of the single crystal samples is shown in
Fig. 4.1. [34] The phase diagram clearly shows the trends and the existence of three
distinct phases; the modulated antiferromagnetic (AFM) order phase for = < 0.1, the
bulk superconducting phase for = 2 0.4, and the intermediate spin-glass phase. [34] In

the pure FeTe, the long range commensurate antiferromagnetism abruptly sets in at
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the same temperature as the crystal structure change from tetragonal to monoclinic
simultaneously in a first-order transition. [146] Doping in the parent compounds grad-
ually suppresses the long range magnetic order and induces superconductivity. In the
spin-glass phase, short-range antiferromagnetic order appears to be associated with
bulk superconductivity. [34] The transition of short-range magnetism is second-order,
with no observable long-range structural phase transition. [34] Upon further doping
of Se ions, the system becomes superconducting, for x=0.5 with the superconducting
phase transition temperature of T,=14.5 K. [34, 147, 148]

Neutron scattering studies on Fe; sTe; ,Se, single crystals have been performed
to determine the magnetic correlations in the superconducting phase. [34, 35, 65, 147—
154] A ”spin resonance” type magnetic excitation was discovered at the in-plane wave
vector (0.5,0.5) (using the 2-Fe Tetragonal unit cell) below T.. [147, 149, 150] The spin
resonance and the associated spin gap appear simultaneously, when the system enters
the superconducting phase, while the temperature dependence of the intensities of
resonance exhibits a superconducting order-parameter-like transition. [149] The spin
resonance and gap were also found at the same in-plane wave vector in a number of
Iron-based superconductors system. [155-159]. The energy of spin resonance is always
observed to scale with T, around hQ =~ 5kgT,. [149, 155-159] The common features
of spin resonance across Iron-based superconductors suggest that the spin resonance
and gap are internally associated with superconductivity. The magnetic excitations
are believed by some to act as possible glue to pair the electrons. [160-165]

The Iron-based superconductors share similar low-energy magnetic excitations in
superconducting phase, however 711”7 system is quite different in some aspects.

The doping of Te(2+) by Se(2+) in ”11” system, which induces superconductivity,

has equal valence. The doping here probably brings no extra holes or electrons, which

64



sl \

Figure 4.2: (a) Schematic of the “collinear” C-type AF spin structure, with scattering
intensities mainly around (0.5,0.5). The square shows a unit cell with two Fe atoms.
(b) Schematic of the “bicollinear” E-type AF spin structure, which contribute mainly
to scattering intensities near (0.5,0). (¢) The schematic diagram of the neutron scat-
tering measurements in the (H K0) zone. Dashed lines denote linear scans performed
across (0.5,0) (i) and (0.5,0.5) (ii) in the text.

is refer as hole or electron doping in other systems. Furthermore, the doping does
not directly modify the density of electrons in the conduction bands. The doping
dependence of T, is also quite different. The superconductivity survives even at
x = 100%, in the pure FeSe case in the "11” system. [14] While in the cupates
and some other iron-based superconductors systems, the doping dependence of T,
always shows a dome shape and superconductivity disappears around doping = =~

30%. [25, 166, 167]

On the other hand, the magnetic structure in the parent compound FeTe is also
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quite different with the superconducting ones. The in-plane antiferromagnetic order-
ing wave vector in the parent other is found around (0.5,0), which is corresponding
to a "bicollinear” or ”E-type” spin structure [see Fig. 4.2 (b)], instead of (0.5,0.5) for
spin resonance, which is corresponding to a ”collinear” or ”C-type” spin structure
[see Fig. 4.2 (a)]. The magnetic structure in the parent compound of 7117 system is
also different with the parent compound of other iron-based superconductors system,

which have same ”collinear” magnetic structure across the system.

4.2 Parent compound Fe; ,Te

4.2.1 Evolution of extra Fe in parent compound

For the Fey,Te;_,Se, system, [14] the crystal structure is tetragonal at room
temperature shown in Fig. 1.4. Crystallographically there are two available iron
sites, one site is fully occupied as Fe(1) in Fig. 1.4, while another site is partially
occupied by extra Fe y as Fe(2). [19] The Fe(2) sites are in the middle of each Te/Se
square lattice in the Te/Se plane, which alternate with Fe(1) plane along c-axis. In
addition, the two inequivalent Fe sites are both magnetically active. [19]

In the pure FeTe, the magnetic and structural transitions occur simultaneously in
a first-order transition around 70 K. [19, 146] The structure distorts from tetragonal to
monoclinic, while commensurate antiferromagnetic order abruptly sets up at the same
temperature. From neutron diffraction experiments, the magnetic ordering wave-
vector in the Fe;y,Te is found around q = (0.5,0,0.5). [146] The magnetic structure
of Fe(1) sites is "bicollinear” in the ab-plane shown in Fig. 4.2 (b). [144, 148] The

moment alignment along the c-axis is antiparallel. From one plane to the next along
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the c-axis, magnetic moments simply alternate the direction. [146]

For the higher Fe content, the magnetic order wave vector in the ab-plane becomes
incommensurate (0.5-d, 0, 0.5), where the incommensurability 6 depends on the extra
Fe content. [146] The low temperature crystal structure becomes Orthorhombic in-
stead of monoclinic. [168] On the other hand, the pure FeSe superconducting phase is
stoichiometric with y=0. [169] Excess Fe (over 5 ~ 8%) in the FeTe/Se superconduc-
tors will suppress/destroy bulk superconductivity. [148, 170] The magnetic structure
of parent compound in ”11” system is different from ”1111” and ”122” systems. Here

we discuss how extra Fe affects the magnetism in the parent compound Fe,,Te.
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Figure 4.3: ZFC magnetization measured by SQUID for samples with nominal com-
position: Fej goTe (red), FejgsTe (green), Fejo;Te (blue), Fey9Te (blue), Fey5Te
(purple) and Fe; 13Te (black). Magnetic field with 0.1 T was perpendicular to the
a — b plane of each sample. (a) Susceptibility, the dashed lines are fits to Curie-Weiss
function. (b) Inverse susceptibility, the dashed lines are fits of straight line.

67



In the present work, we study how the magnetization depends on the amount of
extra Fe in parent compound. The single-crystal samples of Fe;,,Te (nominal com-
positions y = 0.00, 0.03, 0.05, 0.10, 0.12 and 0.13) used in the experiment were grown
by a unidirectional solidification method. The exact compositions were determined
using inductively coupled plasma spectrometry (ICP). The samples, their exact com-
positions and and various characteristic properties are listed in Table 4.1. The bulk
susceptibility results were obtained using a superconducting quantum interference de-
vice (SQUID) magnetometer. Small well-cleaved samples were measured with vertical
0.1 T magnetic field applied perpendicular to the a-b plane.

The ZFC DC magnetic susceptibility x of Fe;,,Te is plotted in Fig. 4.3 (a). The
X(T') decreases with increasing temperature in a Curie-Weiss-like fusion in the para-
magnetic (PM) state, which is different from the monotonic linear increase of x(7')
with increasing temperature observed in iron arsenides. [171, 172] The temperature
dependence of susceptibility x in the paramagnetic regime (>100 K) can be well fitted

by Curie-Weiss function.

C

X = m (4-1)

Where C'is the material-specific Curie constant and © is the Curie-Weiss temperature.
The fitting parameters are listed in Table 4.1 and plotted in Fig. 4.6 (a), (b).

The inverse of ZFC magnetic susceptibility is plotted in Fig. 4.3 (b). The temper-
ature dependence of 1/x in paramagnetic regime can be well fitted by a straight line.
The lines cut the temperature-axis at negative side, which reveals the negative Curie
temperature corresponding to antiferromagnetic interactions. On the other hand, the
fitting lines are nearly parallel to each other. Since the slope is inversely proportional

to the square of the effective magnetic moment, effective moments are similar for all
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samples.

Table 4.1: The nominal compositions of samples, the real compositions ¥, the Curie-
Weiss temperature O, the effective ji.rr and spin moment per Fe derived from the
fitting of the magnetic susceptibility data measured along c-axis and ab-plane with
the modified Curie-Weiss function within the temperature range of 100 K to 300 K.

Sample Yy ©C ©ab gy C pegpab gC gab
K) X)) (us)  (us)
FeigoTe 0.025 -222 -273 3.80 4.25 1.96 2.19
Feio3Te 0.035 -171 -229  3.46 4.02 179 2.07
Fei o7 Te 0.062 -166 -192 3.67 4.01 1.89 2.07
Feyi0Te 0.065 -161 -186 3.74 4.07 1.93 2.10
Fey12Te 0.081 -180 -186 4.04 4.23 2.09 2.19
Fe;15Te  0.097 -158 -165 3.89 4.12 2.01 2.13

The negative Curie-Weiss temperature © here suggests dominant antiferromag-
netic interactions in these samples. The Curie constant C' can be described in the

CGS unit system as:
_ Nﬂgff

¢ 3kp

(4.2)

Where N is the Avogadro number, pi.ss is the effective moment and kg is the Boltz-
mann’s constant. We found the effective magnetic moment is around p.rr ~ 3.8,
where pp is the Bohr magneton. We can obtain the Fe local spin from the effective
magnetic moment by:

:ugff =g J(J+1) (4.3)

Where g is the Lande g-factor and J is the angular momentum quantum number.
Since the only paramagnetic contribution to the magnetic moment comes from the
Fe?T ions, assuming g &~ 2, the spin moment of each Fe** will be around 3/2. This is

quite surprising, since Fe?" (4s°3d%) should give an integer spin moment. If all elec-
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trons are localized, which obey Hund’s rule, local magnetic moments corresponding
to high local spin, S~2, could be expected. If all electrons belong to coherent bands
and are itinerant, local moments should quickly disappear above T y. So the situation

here may be intermediate between the two cases above.
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Figure 4.4: ZFC(open circle)+FC(close circle) magnetization measurements by
SQUID for samples with nominal composition: FejgoTe (red), Fejg3Te (green),
Fey o7 Te (blue), Fey 19 Te (blue), Fey 15Te (purple) and Fey 13Te (black). Magnetic field
with 0.1 T was perpendicular to the a — b plane of each samples. (a) Susceptibility
vs temperature. (c) Susceptibility derivative of T (9x/0T) vs temperature. (b) and
(d) for Magnetic field parallel to the a — b plane.

The ZFC+FC magnetic susceptibility x of Fe;, Te around the magnetic transition
are plotted in Fig. 4.4 (a). For low non-stoichiometric Fe, the ZFC and FC suscepti-
bility are identical and exhibit a sharp first-order magnetic-structure transition. The

transition temperature T decreases with increasing extra Fe. When the extra Fe is
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above critical composition around 0.06, the FC susceptibility clearly deviates from
ZFC ones and the transition becomes wider in temperature. Jx/0T are plotted in
Fig. 4.4 (b) to help determine the transition temperature. The wide transition for
high extra Fe reveals two peaks, Ty and Ty, which are also observed in specific
heat measurements. [168] The disappearance of the discontinuity in dx /0T suggests
change from the first order transition to a continuous probably second order transi-
tion at Tx. The second magnetic transition at lower temperature T o shows clearly
ZFC-FC history dependence. This behavior suggests a hysteresis phase between Ty

and T 9, whose origin is unclear.
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Figure 4.5: ZFC magnetization measurements by SQUID for 0.1 T magnetic field
parallel to the ab plane (blue) and c-axis (red). For samples with nominal composition:
(a) FejgoTe, (b) Feyo3Te, (¢) FeyorTe, (d) Fey19Te, (e) Fey12Te and (f) Fey 15Te.

We also measured the susceptibility x,, with magnetic field parallel to ab plane
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instead of c-axis. The Ty is isotropic as shown in Fig. 4.5. Above Ty, the suscepti-
bility x.p is systematically larger than y. , while yx,; are systematically smaller below
Ty. In the paramagnetic region of y, can also be fitted by the Curie-Weiss law,
the fitting parameters are also listed in Table 4.1 and plotted in Fig. 4.6 (a), (b).
There is a consistence of anisotropy of the fitting parameters. There is a systematical
increase of ©,, compared to ©.. The effective magnetic moment from Yy, which is
around 4.1up, is also systematically larger than from x., which is around 3.8up. If
we assume the spin S=3/2, the Lande g-factor derived from magnetic moment is also
slightly larger with magnetic field parallel to ab plane. Both anisotropy of Curie-
Weiss temperature © and g are proportional to spin-orbit coupling parameters. The
anisotropy arises from the spin-orbit coupling and the crystal field, which align spins
with respect to the orbital moment.

The summary of the results are plotted in Fig. 4.6. The Curie-Weiss temperature
O decreases with increasing Fe content y, below 0.06. Above 0.06, © is almost inde-
pendent of increasing extra Fe. The transition temperatures T and T are plotted
in Fig. 4.6 (¢). Ty decreases roughly linearly with increasing extra Fe for the whole
range we measured. Ty appear for extra Fe above ~0.06 and decreases faster than
Ty with increasing y. Some DFT calculations suggest that interstitial Fe donates
charge to Te/Se layers, with strong tendency of moment formation on the excess Fe
site. [173] The interstitial Fe(2) sites are also magnetically active, Fe(2) sites polarize
ferromagnetic spins in nearby square clusters and frustrate the long range 3D ”bi-
collinear” antiferromagnetic order. The magnetic order become weaker in samples
with high extra Fe, where T decreases.

In conclusion, we have performed a series of magnetic measurements to study

the effect of extra Fe y on magnetism of parent compound Fe;,,Te. The effective
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Figure 4.6: (a) Effective magnetic moment per Fe from Curie-Weiss fit for H parallel
to the c-axis (red), and parallel to the ab plane (blue). (b) Curie-Weiss tempera-
ture. (c) Magnetic ordering temperature Ty (circles) and Tyo (squares) from ZFC
susceptibility derivative of T in Fig. 4.4.

magnetic moment from fitting of paramagnetic susceptibility is almost constant in
Fe;;,Te and gives the spin moment around 3/2 per Fe. The magnetic transition
temperature Ty decreases nearly linearly with increasing extra Fe content and an
anomalous transition appears below Ty for samples above y=0.06. The extra Fe

seems to frustrate the 3D antiferromagnetic order and suppress the long range order

in the system.
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4.2.2 Magnetic excitations in parent compound

Band structure calculations predict Fe(Te,Se) to be a metal with several bands
crossing the Fermi energy. [162, 174, 175] Thus, the importance of strong correlation is
in question, while the itinerant electrons and holes existing in small pockets of various
bands could play the lead role in determining both transport and magnetic properties.
As a result, there are three main scenarios, which are currently considered and debated
for iron pnictides and chalcogenides. [176, 177] First, is the localized-moment picture,
where strong correlation and Hund coupling win and electrons in parent material
are localized, giving rise to large local magnetic moment and high local spin, S~
2. Second, is where all electrons belong to coherent bands and are itinerant. In
this case local moments involved in low-energy magnetic fluctuations would quickly
disappear above the magnetic ordering temperature, becoming a small fraction of
Bohr’s magneton at T ~ 1.5-2 T. Finally, there is also a third possibility, which is
intermediate between the two cases described above, where some of d-electrons are
indeed itinerant, while the others are localized, giving rise to an intermediate-size
local moment.

We have performed inelastic neutron scattering to study magnetic excitations in
a FejiTe single crystal. The Fe;;Te sample used in our measurements was large
crystalline piece with mass of 18.45 g. It was cleaved out of a boule grown by the
Bridgeman method and consisted of two single crystals mutually misaligned by about
1. The total mosaic was about 2.2 full width at half maximum (FWHM). The sample
was mounted on an aluminium sample holder attached to the cold head of the closed-
cycle refrigerator in the evacuated scattering chamber of the ARCS spectrometer at

the Spallation Neutron Source at Oak Ridge National Laboratory, USA. The sample
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ab-plane was nearly vertical, with a direction at about 24 to the horizontal. The c
direction was horizontal and aligned parallel to the incident neutron beam.

In direct geometry TOF neutron spectrometers such as ARCS, a pulse of monochro-
matic neutrons with energy E; is incident on the sample and then the energy lost or
gained by the neutron in the sample is ascertained by measuring the time taken for the
neutrons to travel to the detector. By using time-resolved detectors, a large energy
transfer range E < E; is measured in a single pulse. For each E, a slice of the sample’s
Q = (h, k, 1) phase space is probed. We analyzed projections of such slices on the ab-
plane. Examples are shown in Fig. 4.7 (a). Each (h, k) point there corresponds to a
particular value of 1 = 1(h, k, E, E;), since Q and E are coupled via energy-momentum
conservation. Choosing E; = 40 meV we can observe magnetic Bragg peaks arising
from 3D magnetic ordering at wave vector ~ (0.5,0,0.5) in the second Brillouin zone,
Fig. 4.7(a), because 1(0.5, 1, 0, E; = 40) ~ 0.5. Previous studies have established that
diffuse quasi-elastic and inelastic scattering is of a good two-dimensional character
and has weak or no l-dependence, which can be neglected in our analysis.

Q-independent background (BG) arising from incoherent elastic scattering in the
sample (same for all T) was subtracted from all data. It was estimated at sev-
eral positions where magnetic scattering is nearly absent, and had the form of the
resolution-limited (FWHM = 2 meV) Gaussian peak in energy. Fig. 4.7 and 4.8
show the BG subtracted data. Data was normalized by comparing the inelastic scat-
tering intensity from acoustic phonon modes near the structural Bragg reflection 7

= (1, 1, 1), which are present in all our data sets, with the calculated one-phonon

. . 20 _ _ F(Qea)* |F(Q)
scattering cross-section, Jo7z = o7 — < B0 = T emn B (0T Here e, (Q) and
E,(Q) are the polarization and the energy of the phonon mode, M itcen is the mass

of Fey 1 Te unit cell, and F(Q) its structure factor determining nuclear Bragg inten-

5



sities. Calibrations were performed for T = 10 K, 80 K and 300 K and using about
50 selected cuts at each T. The resulting mean value of the normalization coefficient
was Cporm = (6.02£1.56) mbarn/Steradian/eV /Fe, where error is dominated by the
spread between different cuts at each T (the spread between different T is less than
10%).

Fig. 4.7 presents an overview of low-energy magnetic excitations which we have
measured in a large single crystal of Fe; ; Te using the ARCS neutron spectrometer at
the Spallation Neutron Source (SNS), ORNL. Left column shows neutron intensity
as a function of the 2D wave vector Q=(h,k) in the ab-plane for elastic, E = 0, (a),
and inelastic, E = 7.5 meV, (b), and 20 meV, (c), scattering. Remarkably, general
structure of scattering in the form of broad, diffuse peaks centered near (but not
exactly at) (£m, 0) and (0, £7) positions, is retained at all energies covered in this
measurement (E<26 meV). Magnetic dynamics of this type is often explained by
invoking a system of itinerant electrons, where wave vectors of magnetic excitations
are determined by nesting properties of the Fermi surface(s). [175, 178, 179] Such
explanation clearly fails for FeTe compounds, since there is no Fermi surface nesting
near (m,0) - nesting occurs at (m,7) and (27,0) [179]. In addition, as we will show
later, the observed large magnetic intensity would require at 10 K nearly two fully
spin-polarized itinerant electronic bands.

Magnetic excitations in Fig. 4.7 imply robust short-range correlations, whose well-
defined real space structure persists in the broad range of time scales, down to 150
fs. In a system of local spins this might be a signature of an emergent degree of
freedom, a cooperative spin texture which governs low-energy excited states, such as
hexagon loops induced by spin frustration in ZnCryOy4. [180] We have investigated

this conjecture for a number of possible cluster models and found that magnetic
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Figure 4.7:  Magnetic scattering in Fe;;Te at T = 10 K and for energy transfers
(0 £ 0.5) meV, (7.5 &+ 0.5) meV and (20 + 0.5) meV. Left column, (a)-(c), shows
intensity measured in the experiment. (d)-(f) are fits to the cross-section described
by four lattice Lorentzian (LL) peaks at (0,4¢) and (£¢,0), where ¢ < 0.5. Panel
(e) also includes Gaussian ring of scattering centered around (0,0), which accounts
for the dispersive acoustic mode clearly visible in Fig. 4.8(a). (g)-(i) show two-
parameter fits to the checkerboard cluster model, where plaquettes of four co-aligned
spins are arranged in a short-range antiferromagnetic structure. All fits account for
the magnetic form factor squared |F,,(Q)|* of Fe?". Intensity is shown in counts
normalized to a unit phase space volume and color scale in each panel is adjusted to
emphasize magnetic scattering.

scattering in Fe;;Te can indeed be very accurately described by a local spin model
of this kind. Right column of Fig. 4.7 shows fits of our data to the model where
clusters of four ferromagnetically co-aligned nearest-neighbor Fe spins emerge as a new
collective degree of freedom, with short-range antiferromagnetic correlations between
the clusters. The absence of magnetic scattering along the sides of the square with
vertices at (£1,0), (0,£1) provides direct fingerprint of the form factor of the cluster,
S.(Q) ~ |cos(m(h+ k)/2)cos(m(h — k)/2)|?. With only two parameters, the intensity

and the correlation length &, this fit is nearly as good as the fit to the phenomenological
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pattern of factorized Lorentzian peaks on the Fe; ;Te reciprocal lattice, Fig. 4.7, (d)-
(f), which was used for quantifying intensity and position of magnetic scattering in
Fig. 4.8 and 4.9.

Fig. 4.8 presents the energy dependence of the measured magnetic intensity at
h~0, corresponding to the vertical slice at the center of Fig. 4.7 (a)-(c). It shows
striking resonant behavior, with pronounced maximum at E~7 meV and a weak,
acoustic-like mode dispersing from the resonance down to Q = 0. While the origin
of the resonance is unclear, it appears at the same energy as spin resonance emerg-
ing at (m,7) in superconducting FeTe;_,Se, samples. [146, 178] Our supplementary
measurements have revealed that magnetic scattering pattern in Fe;;Te begins no-
ticeably changing above ~ 30 meV, and at high energies has similar shape to that in
FeTe;_,Se,, adding to the tantalizing similarity. We find that magnetic bandwidth
in Fe; ;Te extends to &~ 190 meV, an order of magnitude larger than ©s_y . This
is a clear signature of competing interactions, where maximum energy gain resulting
from long-range magnetic ordering, which is quantified by ©¢_y, is much smaller
than energy involved in coupling individual spin pairs. In Fe;;,Te it likely reflects
frustration introduced by the next-nearest neighbor Fe-Te-Fe antiferromagnetic su-
perexchange and ferromagnetic coupling between the nearest neighbors, which favors
emergent ferromagnetic clusters, and is probably mediated by itinerant electrons.

It is tempting to pursue further the analogy with emergent excitations of frus-
trated spins in ZnCrsO4, where somewhat similar resonance behavior was also ob-
served. There, it arises upon cooling as a result of interaction with lattice degrees
of freedom, and is accompanied by a small lattice distortion and a weak long-range
antiferromagnetic order. [180] In fact, Fe;, Te materials also exhibit long-range mag-

netic order, which is coincident with small monoclinic distortion of the crystal lat-
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Figure 4.8: Imaginary part of the dynamical magnetic susceptibility, x”(Q,E), of
Fe;1Te for T = 10 K, 80 K and 300 K, plotted as a function of wave vector along
the b-axis and energy. The data, shown in (a), (d), (g), were accumulated for about
eight hours for each temperature. x”(Q,E) was obtained from the measured intensity
via the fluctuation-dissipation theorem, x”(Q,E) = n(1 — exp(—F/(ksT)))S(Q, E),
and is shown in normalized counts as in Fig. 4.7. It can be transformed to the
absolute units by multiplying with the normalization prefactor, C,,m = (6.0241.56)
mbarn/Steradian/eV /Fe, which was obtained from the measured acoustic phonon
intensity (see methods). (b), (e), (h) in the middle column and (c), (f), (i) in the
right column show fits to the model consisting of LL peaks plus a dispersive acoustic
mode, and to the checkerboard cluster model, respectively, similar to Fig. 4.7.
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Figure 4.9: Position and intensity of magnetic excitations in Fe; ;Te. Filled symbols
in panels (a), (c¢), (e) on the left show peak position at T = 10 K, 80 K and 300 K,
respectively, obtained by fitting constant-E slices, such as shown in Fig. 4.7, to a
single-component LL cross-section. Wide black error bars show the full width at half
maximum (FWHM) of LL peaks. Open symbols are positions of the LL (black) and
the ring (blue with error bars) components in the two-component model shown in
Fig. 2(b),(e),(h). Solid line in panel (a) shows a fit of the position of a ring mode to
an acoustic dispersion, (q) ~ sin(mk/2), folded into small (magnetic) Brillouin zone,
[-0.5,0.5]. (b), (d), (f) panels on the right show the integral intensity of magnetic
scattering as a function of energy, normalized to meV ! using the measured acoustic
phonon intensity (see methods). Error bars include the ~ 26% uncertainty of absolute
normalization. Solid lines are fits used to interpolate the data for the integration and
serve as guides for the eye. They consist of a quasi-elastic (QE) central peak (shaded
in yellow) and a damped harmonic oscillator (DHO, red). Green-shaded peak in
panel (b) shows magnetic Bragg intensity existing below Ty &~ 60 K at 1 = 0.5, which
was obtained by fitting Bragg scattering near (-1, 0.5, 0.5) and (-0.5, 1, 0.5), clearly
visible in Fig. 4.7 (a), to resolution-limited peaks. Insets show the correlation length
in lattice units for the single-component LL (closed circles) and the cluster (open
rhombi) models.
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tice. [144, 181] At high temperatures both systems have similar effective Curie-Weiss
fluctuating moment 4up corresponding to S = 3/2, and in both cases only a fraction
of it participates in the long-range antiferromagnetism.

Magnetic order and lattice distortion in our Fe;;Te sample are weaker than in
samples with lower y (< 0.06). [144] Ordering occurs at a ~ 10 K lower temperature,
Ty=58 K, and without sharp discontinuities characteristic of first order transition,
which suggests that Fe interstitials are a source of additional frustration. Analysis
of magnetic Bragg intensities, which are visible in 10 K data of Fig. 4.7(a) near
(£1, £0.5), yields long range ordered moment ~ 1lupg, about twice smaller than for
y=0.05. [144, 181] However, there is also significant amount of elastic or nearly elastic
2D magnetic diffuse scattering near (0,40.5), (£0.5,0) in our sample, which results
from frozen, or very slow, short-range correlations between the clusters. Total spectral
weight of magnetic Bragg and diffuse scattering adds to =~ 2.3up, which is similar to
the ordered moment in samples with lower y. The distribution of magnetic intensity
between different components at T = 10 K is shown in Fig. 4.9(d). The total intensity
adds to a local magnetic moment of 2.7(7) g, which, assuming Lande factor g = 2,
is very close to perr ~ 2.8 pup expected for local spins S = 1 (pesr = gup ). Magnetic
Bragg peaks account for only ~ 28% of the total intensity, while anothera 28% are
carried by the inelastic spectrum, which again is surprisingly similar to numbers found
in ZnCryOy.

In order to establish the limits of this similarity and further explore the nature
of the resonant behavior of emergent local-spin clusters, we have investigated the
temperature dependence of magnetic scattering in Fe;;Te. That such limits must
exist is already clear from the fact that our T = 10 K data only account for about a half

of magnetic intensity expected for ~ 4up fluctuating magnetic moments implicated
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in CW susceptibility. Magnetic neutron scattering intensity is determined by the
product of magnetic form factor, which accounts for atomic magnetization density,
and dynamical correlation function S(Q, E), which describes cooperative motions of
atomic spins. For a system of local atomic spins S total spectral weight of S(Q, E)
obeys sum rule, [ S(Q, E)dQ*dE=S(S+1)=[uers/(gur)]?, where we omit polarization
indices and imply trace over spin polarizations. This means that the integral S(Q, E)
spectral weight must remain constant at all temperatures, and that dynamical spin
susceptibility x”(Q, E), which by the fluctuation-dissipation theorem is given by S(Q,
E) multiplied by the detailed balance factor, (1-exp(-E/kpT)), must decrease upon
heating, as it is indeed the case in ZnCryOy.

The behavior is dramatically different in Fe;;Te. We find that total magnetic
INS intensity significantly increases upon heating. This is quite clear from 80 K and
300 K data and the corresponding fit results shown in two bottom rows of Figures 2
and 3. It is also clear from Fig. 4.8(d),(g) and Fig. 4.10(a) that x”(Q, E) is not
governed by the detailed balance factor. Moreover, total magnetic spectral weight at
300 K yields local moments ~ 3.6 up, in good agreement with the susceptibility data.
This would be consistent with a temperature-induced change from local spins S = 1
at 10 K to S = 3/2 at 300 K. This can only occur as a result of an effective change
by 1 of the number of localized electrons, and therefore of itinerant band electrons,
with the increasing T.

Having made this surprising discovery, we performed a more detailed survey of
the temperature dependence of S(Q, E). Fig. 4.10(b) shows the resulting wave vector
integrated correlation function S(E) on the logarithmic scale, which emphasizes the
changing balance between semi-elastic and inelastic fluctuations. In contrast to the

behavior of frustrated local spins in insulator ZnCr,Qy4, the resonance character of the
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Figure 4.10: Temperature dependence of scattering intensity and the effective Fe spin
in Fey ;Te. (a) Cuts from the data in Fig. 4.8(a),(d),(g) show x”(Q,E) as a function
of energy for Q = (0,0.45) at 10 K, 80 K and 300 K, respectively. Lines are from fits
shown in Fig. 4.7 (b),(e),(h). (b) temperature dependence of normalized inelastic and
quasielastic contributions to S(E), not including magnetic Bragg scattering, ~ §(E).
Solid lines are same as in the right panels of Fig. 4.9, dashed lines show inelastic
contribution modeled by DHO. (c) the upper (blue) symbols show temperature de-
pendence of the effective local spin participating in low-energy fluctuations in Fey ;Te
shown in Fig. 4.7- 4.10, as determined by the sum rule, S?;; = fj;o S(E)dE. The
bottom (red) symbols quantify the part involved in the long-range static order and
appearing in the form of magnetic Bragg scattering at 1 = 0.5. Green symbols show
contribution from the broad diffuse quasi-elastic scattering near (0,40.5), (£0.5,0), i.
e. the E = 0 central peak in Fig. 4.10(b). Horizontal dashed line shows Sfff ~ 3.9
obtained from the Curie-Weiss fit of static magnetic susceptibility.
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inelastic spectrum is clearly retained at 300 K in Fe; ; Te, Fig. 4.8(g), Fig. 4.10(a), and
it is this resonance mode which is the main beneficiary of the additional temperature-
induced spectral weight. We have also refined the long-range ordered moment at each
T and found that its order-parameter-like decrease with the increasing temperature is
correlated with an increase in l-independent 2D semi-elastic diffuse scattering, so that
sum of the two components is nearly T-independent, Fig. 4.10(c). This suggests that
both long-range antiferromagnetism and monoclinic distortion are likely just weak
extrinsic perturbations to the emergent spin dynamics, which is governed by much
stronger interactions of local spins and itinerant electrons.

Large numbers of theoretical models, involving both local and itinerant electrons,
have been put forward in attempts to explain high-temperature superconductivity.
Many of them suggested local spin frustration and emergent behavior as important
ingredients in HTSC physics, and some features of these behaviors were observed in
model spin systems. Others treated emerging magnetism as a signature of collective
instability of the itinerant electrons and questioned the relevance of local spin picture.
Here for the first time we present direct experimental evidence of both presence and
strong and non-trivial coupling of emergent local spin magnetism and itinerant elec-
trons in a system bearing immediate relation to HT'SC. While ferromagnetic nature
of emergent local spin clusters which govern magnetic fluctuations in Fe; ;Te up to
~ 30 meV is clearly not favorable for the HTSC, slight change of electronic band
structure in FeTe;_,Se, perhaps modifies emergent modes and their interaction with
itinerant electrons in a manner inductive for superconductivity. Never before to our
knowledge has temperature enhanced magnetic response of localized electrons, such
as we found in iron telluride, been observed. Our findings cannot be explained in

a perturbation framework starting from either local or itinerant point, and call for
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devising an entirely new theoretical paradigm.

4.3 Magnetic correlations around optimal-doping

4.3.1 Short-range incommensurate magnetic ordering near

superconducting boundary

In this section, to address the evolution of the magnetic correlations with Se
concentration, we have performed elastic neutron scattering and magnetization mea-
surements on high quality single crystals with different Fe and Se contents. We show
that there is short-range incommensurate magnetic order in both Fey o7 Teq 755€q.25 and
FeTey 7Seq3 at low temperature. Broad magnetic peaks appear at positions slightly
displaced from the antiferromagnetic (AFM) wave-vector (0.5,0,0.5) in both samples
when cooled below <40 K. The peak intensity increases with further cooling and per-
sists into the superconducting phase. The magnetic peak intensity drops with more
Se and less Fe content, and with strengthening superconductivity.

Single crystals with nice (001) cleavage planes were grown by a unidirectional
solidification method with nominal compositions of Feq g7 Teq 755€q.25 and FeTeq 7Seq 3
and respective masses of 4.7 and 7.2 g. Neutron scattering experiments were carried
out on the triple-axis spectrometer BT-9 located at the NIST Center for Neutron
Research. The scattering plane (HOL) is defined by two vectors [100] and [001] in
tetragonal notation. The lattice constants for both samples are a = b = 3.80(8) A,
and ¢ = 6.14(7) A.

The bulk magnetization was characterized using a superconducting quantum in-

terference device (SQUID) magnetometer. In the magnetization measurements, each
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Figure 4.11: (a) ZFC magnetization, and (b) background subtracted magnetic peak
intensity measured along [100] (normalized to the sample mass) as a function of
temperature for Feq gy Teg755€g.25, and FeTeg 7Seq 3. Error bars indicate one standard
deviation assuming Poisson statistics. Lines through data are guides for the eyes.

sample was oriented so that the (001) plane was parallel to the magnetic field. The
zero-field-cooling (ZFC) magnetization vs. temperature for each sample is shown
in Fig. 4.11(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. 4.11(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
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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;,sTe as a second phase, which has a
magnetic phase transition temperature of ~65 K. [144]

In our elastic neutron scattering measurements, each sample was aligned on the
(200) and (001) nuclear Bragg peaks with an accuracy and reproducibility in longitu-
dinal 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 temperatures. The temperature
dependence of the peak intensity is summarized in Fig. 4.11(b), and representative
scans are shown in Fig. 4.12. No net peak intensity is observed at 60 K, but a weak
magnetic peak appears at slightly lower temperature, growing in intensity with further
cooling. For Fey g;Teg 755€0.25, the magnetic structure is clearly incommensurate, and
the peak position is determined to be (0.5—¢,0,0.5), with ¢ = 0.04. From Fig. 4.12(a),
we did not observe a peak at (0.5+¢,0,0.5). For FeTeq7Seq 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[146] for Fej osTeq75€0.33, where the magnetic peak is at (0.438,0,0.5); it ap-
pears that both the Fe and Se concentrations impact the ordering wave-vector. We
have also searched for SDW order around (0.5,0.5,0.5) in the (HHL) zone, but no
evidence of magnetic peaks was found.

At 5 K, the peak width for Fe; g;Teq 755€0.95 [100] scan is 0.10 r.l.u., which corre-
sponds to a correlation length of 6.1(1) A. The width along [001] is 0.20 r.L.u., giving a
correlation length of 4.9(1) A. As can be seen from Fig. 4.12, the peaks for FeTeg 7Seq 3
along [100] and [001] are broader than their counterparts for Fe; g7 Teg755€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. 4.11(b), one can see that the magnetic peak intensity for
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Fei g7 Teg755€0.05 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.
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Figure 4.12: Short-range magnetic order in Fe; 5Te;_,Se,. The left and right columns
show the magnetic peak profiles for Fe; g7 Teq755¢0.05 and FeTeg7Seq 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. Error bars represent the square root of the total
counts. The lines are fits to the data using Lorentzian functions.

The magnetic structure of the parent compound Fe;,sTe can be described by the
schematic diagram in the inset of Fig. 4.13(a), which is adopted from Refs. [144, 146].
Here the magnetic structure consists of two spin sublattices. The spins in both
sublattices are found to be aligned along b-axis. Within each sublattice, the spins

have an antiferromagnetic alignment along a and c-axes, and ferromagnetic along the
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Figure 4.13: (a) Inset shows the commensurate magnetic unit cell within a single layer
of Fe; sTe, with spin arrangements in a-b plane; solid line shows the calculated scat-
tered 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.

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, [144]
this configuration gives rise to magnetic Bragg peaks at the commensurate AFM
wave-vector (0.5,0,0.5). The extra Fe is considered to reside in the interstitial sites
of the Te/Se atoms. [146] With more excess Fe, the ordering wave-vector becomes

incommensurate, which can be explained by a modulation of the ordered moment

size and orientation, propagating along the a-axis. [146] The connection between
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excess Fe and the transition from commensurate to incommensurate order has been
modeled theoretically. [182]

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 sym-
metry from tetragonal, although perhaps there are local symmetry reductions 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 in-
commensurate peaks at (0.5 £ ¢,0,0.5), whereas we see a peak only on the —e side.
One can model this with phase shifted modulations 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 ob-
tained when the decay of correlations between ferromagnetic nearest-neighbor spins
is different from that of antiferromagnetic spin neighbors. We will consider correla-
tions 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 [183]

1—102

I o |FJ?
< |F] 1+ p? — 2pcos(2mh)’

(4.4)

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

p=—e (4.5)

p is the correlation function between neighboring pairs, where the negative sign sug-
gests that the inter-pair corrlation is antiferromagnetic; and £ is the correlation length.
(In all cases discussed below, we set £ = a.)

Let us first consider the case of ferromagnetic spin pairs with exponentially de-
caying correlations between pairs, as illustrated in Fig. 4.13(b). The structure factor
for this case corresponds to

|[F|* = 4cos®(irh), (4.6)

as indicated by the dashed line in Fig. 4.13(b). Plugging this into Eq. (4.4) gives the
solid line shown in Fig. 4.13(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*(37h). (4.7)

This yields the result shown in Fig. 4.13(c), with the peaks shifted in the opposite
direction. If the decay of correlations is identical for ferromagnetic and antiferromag-
netic nearest neighbors, then we can average over these two cases, obtaining |F|? = 2;
the resulting commensurate peaks are shown in Fig. 4.13(a).

Our experimental results look similar to Fig. 4.13(b). This suggests that the
ferromagnetic correlations are stronger than the antiferromagnetic ones. For the

model illustrated in Fig. 4.13(b), the incommensurability grows as the correlation
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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 average of Eqs. (4.6) and
(4.7).

In summary, we have observed short-range magnetic order in Fe; g7 Teg755€0.25
and FeTey;Sep 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 correlations between
neighboring spins. The parent compound Fe;,sTe is not superconducting, [144, 146]
and the optimally doped sample with 50% Se has no static magnetic order [148,
149].  Our samples have Se content lying in the middle, 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 Fe-based [21, 163, 166, 184, 185] and
cuprate superconductors [25, 106, 186]. Interestingly, in the Fe;,sTe;_,Se, system,
the SDW order and superconductivity can be tuned not only by doping Se, but also
by adjusting the Fe content. [145, 169, 187] It has been reported that the excess Fe
acts as a magnetic electron donor, [187] suppresses the superconductivity, and induces
a weakly localized electronic state. [188] 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, but to really distinguish the role of Fe
and Se, samples only varying one element are certainly required for future work.
We also note that recent studies of superconducting FeTeggSeps (Ref. [149]) and
FeTep55€0.5 (Ref. [189]) show evidence of a spin gap and resonance peak at the wave

vector (0.5,0.5, L). It should be interesting to study how the magnetic correlations
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evolve with Se concentration between 30% and 40%.

4.3.2 Evolution of spin fluctuations depend on doping and

extra Fe

Since the spin “resonance” in the superconducting compounds occur around the
in-plane wave vector (0.5,0.5) , (using the 2-Fe unit cell), suggesting a “collinear” or
“C-type” AF structure [see Fig. 4.2 (a)]. [144, 190, 191] While the parent compound
of 711”7 system has a “bicollinear” or “E-type” AF order around the in-plane wave
vector (0.5, 0) [see Fig. 4.2(b)], [35, 144, 146, 154, 190] Therefore, understanding
how the magnetic structure (static or dynamic) evolves from the E-type bicollinear
configuration of the parent compound to the C-type collinear configuration in the
superconducting region in the 1:1 system is an important problem.

We present our work using neutron scattering to probe the magnetic order /fluctuations
in a few samples from the 1:1 family for Se dopings ranging from 30% to 50% and
with varying superconducting properties, the latter anticorrelated with excess Fe con-
tent. Our results suggest that static magnetic order exists in all non-superconducting
samples. (Here, by non-superconducting we mean an absence of bulk superconduc-
tivity.) This order is short-ranged and occurs at in-plane wave vectors Q 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 excitations near
(0.5,0.5) gradually become dominant as the material becomes more superconducting.
While Se doping does play an essential role, it is clearly not the only determining

factor regarding the superconductivity and the magnetic correlations. Samples with
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similar Se doping but differing in Fe content can have very different superconducting
properties and corresponding magnetic structures/fluctuations. Our results clearly
indicate that the static short-range magnetic order competes with and suppresses
superconductivity. Superconductivity only appears when the system evolves toward
fluctuating magnetic correlations characterized by Q = (0.5,0.5), which appears to
be universal across all known Fe-based superconductor families. The situation has
similarities to that in the high-T,. cuprate systems where a “resonance” is also de-
tected in the magnetic excitation spectrum for various cuprate families, [90, 192—195]
and static antiferromagnetic order suppresses bulk superconductivity. However, there
is a clear difference between the two families: the local magnetic correlations in the
cuprate system are always based on a G-type antiferromagnetic configuration, [190]
even when spatial segregation occurs. [28, 29, 80, 124] The versatility of spin con-
figurations in the Fe-based superconductor families is therefore very different and
extremely interesting.

Table 4.2: List of the Fey,sSe,Te;_, samples used in our measurements, with their
composition (d, x), superconducting transition temperature (7.), room-temperature
lattice parameters (from powder X-ray diffraction), crystal mass and ordered moment
of Fe ion. The absolute value of ordered moment in NSC30 is undetermined because

the measurements necessary for absolute normalization were not performed on that
sample.

Sample ) x T a c mass moment per Fe
K A (d) (@ (1)
SC30 0.00£0.03 03 14 3.815 6.140 12.7 0.10
NSC30* 0.054+0.03 0.3 - 3808 6.120 74 unknown
SC50°  0.00+0.03 0.5 14 3.811 6.129 9.0 ~0
NSC45 0.056£0.03 0.45 — 3.807 6.047 6.4 0.15

The single-crystal samples used in the experiment were grown by a unidirectional
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solidification method. The samples, their compositions (nominal compositions, based
on starting materials, with error bars for § reflecting anticipated range of actual
composition), and various characteristic properties are listed in Table 4.2. The bulk
susceptibility results in Fig. 4.14 were obtained using a superconducting quantum
interference device (SQUID) magnetometer. Small well-cleaved samples were mea-
sured with vertical 5 Oe magnetic field applied perpendicular to the a-b plane. From
the magnetization measurements we can see that, although both superconducting
samples show evidence of diamagnetic response at around 14 K, SC50 is clearly bet-
ter in quality as far as superconducting volume fraction is concerned. [Note that
our zero-field-cooling (ZFC) measurements provide only an upper limit on super-
conducting volume fraction.] 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 su-
perconducting and nonsuperconducting 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 a superconducting response.

Neutron scattering experiments have been carried out on the triple-axis spectrom-
eters SPINS (inelastic scattering measurements of magnetic excitations for SC30 and
NSC30, and all elastic measurements for static magnetic order), and BT-7 (inelastic
scattering measurements for SC50 and NSC45) located at the NIST Center for Neu-
tron Research. We used horizontal beam collimations of Guide-open-S-80'-240" (S
represents “sample”) for the inelastic scattering measurements on SPINS with fixed
final energy of 5 meV and a cooled Be filter after the sample to reduce higher-order

neutrons; collimations of Guide-80'-S-80'-240" were used for the elastic measurements
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Figure 4.14: ZFC magnetization measurements by SQUID for SC30 (red), NSC30
(blue), NSC45 (green) and SC50 (black). The inset shows the same data from the
non-superconducting samples with different scale.

on SPINS, with an additional Be filter before the sample. At BT7, we used beam col-
limations of open-50/-S-50"-240" with fixed final energy of 14.7 meV and two pyrolytic
graphite filters after the sample. The inelastic scattering measurements have been
performed in the (H K0) scattering plane, as indicated in Fig. 4.2(c). The data are de-
scribed in reciprocal lattice units (r.l.u.) of (a*,b*, ¢*) = (27/a, 27 /b, 27 /c). The elas-
tic scattering measurements have been taken in the (H0L) scattering plane instead,
since the order in the parent compound occurs at half integer L values (AF order
along the c-axis). All data have been normalized into absolute units (ug?-eV~—'/Fe),
using incoherent elastic scattering intensities from the samples.

The static long-range magnetic order in the parent compound Fe;,sTe appears
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Figure 4.15: Elastic neutron scattering measurements performed on SC30 (red cir-
cle), NSC30 (blue triangle), NSC45 (green square) and SC50 (black diamond) near
(0.5,0,0.5). (a, d) Intensity profiles along [100] direction (H-scans) at T = 4 K; (b, e)
Scans along [001] direction (L-scans) at 7' = 4 K. The horizontal bars represent the H
and L resolution at SPINS (a, b) and BT-9 (d, e). The solid lines are based on least
square fits to the data with single Gaussian peak and sloping background. (c) shows
the magnetic peak intensity (from fitted Gaussian 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. The inset in (c¢) shows the 4 K
(open) and 34 K (close) raw data used in (b) for NSC45. (d-f) Data from Ref. [35]).
The error bars represent the square root of the number of counts.

near (0.5,0,0.5), corresponding to bicollinear E-type AF structure. With small Se
doping, it has been observed that the order gradually becomes short-ranged [34, 35,
154] and eventually disappears. Our results, however, suggest that the order can still
remain with relatively large Se dopings (and excess Fe).

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. 4.15, we plot H and L scans
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through this AF wave-vector for all samples at 7" = 4 K. The measurements for
NSC30, Fig 4.15 (d)—(f), are from a previous report (see Fig. 2 of Ref. [35]). Unfor-
tunately, no absolute normalization was performed on that sample. The temperature
dependence [Fig. 4.15 (¢) and (f)] for the NSC45, SC30, and NSC30 samples are
very similar, with the order gradually disappearing with heating. [For the SC50 sam-
ple, there is no elastic scattering intensity as shown in Fig. 4.15 (a) for the whole
temperature range measured.] The H and L scans performed at higher temperature
(T=34 K) show no peak structure and are therefore used as backgrounds to be sub-
tracted 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 to the results reported for NSC30 and another sample
with 27% Se doping. [35] The L-scans, however, are qualitatively different. In pre-
vious reports on lower Se doped 1:1 compounds, [35, 65] the L-scan peaks around
L = 0.5, and intensity always goes to zero at L = 0. In those cases, the magnetic
order is always AF along the L-direction, whether short- or long-ranged. Here we see
that after background subtraction, the scattering intensity at L = 0 is still apprecia-
ble. This suggests that although the magnetic order still has a modulation along the
L-direction, which peaks around L = 0.5, favoring an AF configuration between Fe
planes, the order has become much more two-dimensional. In the NSC45 sample, the
3D long-range bicollinear AF magnetic 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 0.15(4) pp, much less than the value in the parent compound with
long-range order. [146] Tt is, nevertheless, 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 supercon-
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ducting phase transition at around 14 K, the superconducting volume is smaller than
for the SC50 sample. The ordered moment is about 0.10(1) pp/Fe, smaller than that
in the NSC45 sample, indicating that this order may be coming from only part of the

sample.
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Figure 4.16: Constant-@) scans at (0.5,0,0) taken at (a) 4 K (1.5 K for SC30 and
NSC30) and (b) 25 K. A background, determined from constant-energy scans as in
Fig. 4.17 has been subtracted from all data sets. The error bars correspond to the
square root of the number of counts.

With the tendency towards developing static short-range magnetic order in the
non-superconducting samples, it is natural to expect to see magnetic excitation spec-
tra around the (0.5,0) in-plane wave vector as well. Previous work has shown that
the energy dispersion and intensity modulation along the L direction for magnetic
excitations in the 1:1 compound is small. [65, 149] We therefore chose to perform the

inelastic scattering measurements in the (HKO0) plane. In Figs. 4.16 and 4.17, we
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Figure 4.17: Magnetic excitations for Fe;sSe,Te;_, measured around (0.5,0,0). The
left and right columns show the magnetic peak profiles for 4 K (1.5 K for SC30 and
NSC30) and 25 K respectively. Constant-energy scans at (0.5, K, 0) [as shown by (i)
in Fig. 4.2 (¢)] at hw = (a-b) 0.5 meV, (c-d) 2 meV and (e-f) 5 meV. The solid lines
are based on least square fits to the data with one main Gaussian peak at K=0, plus
sometimes two small Gaussian peaks at K=40.5, which represent intensities from
Q=(0.5,0.5), and a constant background. The fitted K-independent background has
been subtracted from all data sets. The error bars correspond to the square root of
the number of counts.

plot our results taken near (0.5,0,0). Figure 4.16 shows energy scans at (0.5,0,0) for
T =4 K and 25 K. Measurements for NSC45 and SC50 were taken on BT7 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, resolution-limited tail from
scattering at lw = 0. Constant-energy scans at fuw = 0.5, 2, and 5 meV [Fig. 4.17
(a) to (f)] 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 here. For both 30%-Se

100



samples, where we have measurements with higher energy resolution, one can see that
the intensity at Aiw = 0.5 meV increases on warming from 4 K to 25 K. The increase
is much less pronounced at fiw = 5 meV. This behavior is likely due to a transfer
of spectral weight from the elastic peak into low energy channels when the static or-
der dissolves with heating. For SC50, the low-energy spin 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 = +£0.5 observed from samples SC30 and SC50 at hw = 5 meV, suggest that there
is additional spectral weight developing near the (0.5,0.5) wave-vector, corresponding

to dynamic collinear spin correlations in the superconducting samples.
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Figure 4.18: Constant-() scans at (0.5,0.5,0) taken at (a) 4 K (1.5 K for SC30 and
NSC30) and (b) 25 K. A background, determined from constant-energy scans as in
Fig. 4.19 has been subtracted from all data sets. The error bars corresonds to the
square root of the number of counts.
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Figure 4.19: Magnetic excitations for Fe; sSe,Te;_, measured around (0.5,0.5,0).
The left and right columns show the magnetic peak profiles for 4 K (1.5 K for SC30
and NSC30) and 25 K respectively. Constant-energy scans at (0.5,0.5,0), taken along
the transverse direction [as shown by (ii) in Fig. 4.2 (¢)] at w = (a-b) 5 meV, (c-d)
6.5 meV and (e-f) 12 meV. The solid lines are based on least square fits to the data
with two Gaussian peaks and a constant background. The fitted constant background
has been subtracted from all data sets. The error bars corresponds to the square root
of the number of counts.

In Figs. 4.18 and 4.19, 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
[see Fig. 4.18]. In Fig. 4.19 (a) to (f), constant-energy scans at hw =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 see a “resonance” feature in SC30 in the scans of
hw = 6.5 and 5 meV.

For the non-superconducting samples, there is no temperature effect observed for

data taken between 4 K and 25 K. For NSC30, we did a constant-energy scan near
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(0.5,0.5) only at Aiw = 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 excitations 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 (7' = 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-ranged static magnetic order is present at low temperature near (0.5,0), cor-
responding to a 3D bicollinear E-type spin structure. Its low energy magnetic exci-
tations are also focused near (0.5,0). With the static order present, no superconduc-
tivity 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
“1227 (21, 196] or “1111” systems, [54, 184, 191, 197-199] 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 supercon-
ductor, except that the “resonance” feature is missing. Apparently, having magnetic
excitations near (0.5,0.5) associated with the collinear spin configuration is not suffi-
cient for superconductivity to emerge. The presence of static 2D-like magnetic order is
correlated with the suppression of superconductivity. Of course, the tetragonal crys-
tal 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. We suggest that

the greater concentration of Fe in this sample is the likely key to the magnetism at
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(0.5,0). It is possible that there is a mixed phase where the two types of magnetic
correlations coexist on a microscopic level, similar to that of the mixed C-E phase in
manganites, [200] as suggested in Ref. [190].

The case for SC30 is, in fact, quite intriguing. A 2D-like short-range static or-
der 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 mag-
netic 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 collinear spin
correlations. The “resonance” occurs below 7., 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 conceiv-
able that the static order and superconductivity could coexist in the same domains as
suggested by previous uSR work, [201] it is also possible to have a system with macro-
scopic 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) (elas-
tic 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 different 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.
SC50) show dramatically different behaviors? It is clear from previous work that the

Fe content has a significant impact on the magnetism. [35, 146] For example, higher
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Fe content in the parent compound can drive the order from commensurate to incom-
mensurate, [146] while its effect has been less clear for the superconducting region.
It seems unlikely that the excess Fe atoms act simply as isolated magnetic moments
that destroy the superconductivity, since our observations of variations in static mag-
netic order and low energy spin excitations cannot be explained in such a simple
manner. Theoretically, it has been predicted that lowering the height of the chalco-
gen (Te/Se) positions can drive the “1:1” system from the bicollinear to the collinear
spin configuration, [190, 202] and Fe interstitials will certainly have an impact on
Fe-Te/Se-Fe bond lengths and bond angles. There are several reports concerning
the effect of excess Fe on the lattice parameters [169, 170, 203]; our results indicate
that the lattice parameters a and ¢ both decrease slightly with increased Fe content
(holding Se constant), which does not appear to be entirely consistent with the trends
reported by others. To make further progress on this issue, it will likely be necessary
to characterize the microstructure associated with specific compositions.[168, 170] For
example, it has been suggested that the excess Fe atoms most likely reside around
(0.25,0.25,0.7) [144] which is on the opposite side to the Fe/Se sides in respect to the
Fe planes. Since these Fe atoms are not ordered in any way, diffraction measurements
are not very sensitive to their positions. EXAFS or X-ray/neutron PDF (pair distri-
bution function) measurements may be more useful in order to probe the locations
of these Fe atoms and their effect on the local structures.

We have studied the relationship between superconductivity and the character of
magnetic correlations in the 1:1 system. If the magnetic correlations in the system are
characterized by Q = (0.5, 0), which generally leads to static order, superconductivity
is suppressed. We find that such correlations are enhanced in samples with excess Fe.

Magnetic fluctuations at Q = (0.5,0.5), as found in other Fe-based superconductor
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families, are necessary, but not sufficient, for the emergence of bulk superconductiv-
ity. There are cases where magnetic correlations of both types coexist and compete.
Overall, our results confirm that the nature of the magnetic correlations is crtical to

the occurrence of superconductivity in Fe; 53¢, Te;_,.

4.3.3 Magnetic excitations in normal state

In this section, we present our work to study the magnetic excitations in normal
state. In contrast to the Mott-insulating parent compounds of the cuprates, the parent
compounds of the Fe-based superconductors are poor metals. This naturally leads to
the suggestion of itinerant magnetism resulting from the nesting of the Fermi surface,
or more generally, enhancement of non-interacting susceptibility. [160, 161, 204, 205]
Disregarding the apparent failure of such itinerant picture in producing the so-called
bi-collinear magnetic structure of Feyy,Te, [144, 146] the spin-fluctuation picture of
superconductivity [160, 161, 204, 205] is qualitatively appealing, and appears to give
a natural explanation for the spin resonance and spin gap . [206] Nevertheless, there
are theoretical analyses that suggest that there may be a significant local-moment
character to the magnetism [190, 207-210] A direct way to test the different theoretical
perspectives is to evaluate the instantaneous moment from inelastic magnetic neutron
scattering measurements.

We report an inelastic neutron scattering study on the temperature evolution
of the low-energy magnetic excitation of an FeTe;_,Se, sample with =65%. The
magnetic excitations below T, ~ 14 K are almost identical to those measured previ-
ously on superconducting FeTe;_,Se, samples with x < 50% [65, 147, 149, 151, 154],

having a spin gap of ~ 5 meV and a resonance at ~ 7 meV, with anisotropic disper-
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sion along the direction transverse to Qg. On heating to T" = 25 K, the resonance
disappears, with spectral weight moving into the gap, and the dispersion resembles
an “hour-glass” shape like those observed in the cuprates [117, 211-213]. With fur-
ther heating, the spin excitations near the saddle point (5 meV) start to split in Q
and become clearly incommensurate, exhibiting a “waterfall” structure at 100 K and
above, similar to the situation in underdoped YBayCuzOg.,. [212]. However, the inte-
grated spectral weight below hw = 12 meV remains almost unchanged as a function
of temperature, indicating a large energy scale associated with the stability of the in-
stantaneous magnetic moment. The absolute normalization of the low-energy weight
gives a lower limit (not counting the strong spectral weight at higher energies [154])
of the magnetic moment per Fe site to be ~ 0.26u/Fe. Such a robust and sizable
moment is apparently beyond the standard consideration of spin-density-wave picture
[160, 161, 204, 205], and strongly suggests that local moment magnetism is present
(and likely dominant) in the Fe-based superconductors [190, 207-209).

The single-crystal sample used in the experiment was grown by a unidirectional
solidification method with composition of FeygesTeg 355€q65 (8.6g). The bulk suscep-
tibility results in Fig. 4.20 (b) shown 7. ~ 14 K was characterized using a super-
conducting quantum interference device (SQUID) magnetometer. Neutron scattering
experiments were carried out on the triple-axis spectrometer BT-7 located at the
NIST Center for Neutron Research. We used beam collimations of open-50'-S- 50'-
open (S present sample) with fixed final energy at 14.7 meV and pyrolytic graphite
filters after the sample. The lattice constants for the sample are a = b = 3.81 A,
and ¢ = 6.02 A, using the notation where there are two Fe atoms in one unit cell.
The inelastic scattering measurements have been performed in the (H K0) scattering

plane [Fig. 4.20 (a)]. The data are described in reciprocal lattice units (r.l.u.) of
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Figure 4.20: (a) The schematic diagram of the neutron scattering measurements in
the (HKO0) zone. Dashed lines denote linear scans performed across Q, = (0.5,0.5,0)
in the text. (b) ZFC magnetization measurements by SQUID with vertical 5 Oe. field
perpendicular to the a — b plane. T, ~14K is marked by a dash line. (c¢) Constant
Q scans at Q taken at different temperatures: 5 K (Red circle), 25 K (Blue square),
100 K (Green triangle), and 300 K (Black diamond). Fitted background obtained
from constant energy scans has been subtracted from all data sets.

(ax, bk, cx) = (2w /a,2w/b,2w/c). Absolute normalizations are performed based on
incoherent elastic scattering measurements from the sample.

Low energy spin excitations are mainly distributed near Q, in-plane wave-vector,
similar to the case in the 50% Se doped sample °[148]. In Fig. 4.20(c), we show

constant-Q scans at Q from 4 K to 300 K. There is a clear resonance peak for data

taken in the superconducting phase (T' = 4 K, red circles). When heated above T,

¢There is no elastic magnetic intensity found near (0.5,0,0.5), which is the antiferromagnetic
ordering wave vector in the parent compound, and very little spectral weight near (0.5,0,0) at low
energies and low temperature.
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Figure 4.21: Constant energy scans at (1-k,k,0) with different temperature: 5 K (Red
circle), 25 K (Blue square), 100 K (Green triangle) and 300 K (Black diamond) at
different Aw: (a) 3.5 meV, (b) 5 meV, (¢) 6.5 meV, (d) 8 meV, (e) 10 meV, and (f)
12 meV. A flat fitted background has been subtracted from all data sets. The solid
lines are based on the fit described in the text. The error bars represent the square
root of the number of counts.

the resonance peak disappears, and spectral weight starts to fill in the gap below
A ~ 5 meV. For the normal state, the intensity at Q, appears to peak at around
hw ~ 10 meV. These results are in good agreement with previous neutron scattering
measurements [65, 149], indicating that further Se doping above the optimal value of
50% does not significantly alter the low-energy magnetic excitations in the system.
Constant energy scans across Q, performed in the transverse direction, are plot-
ted in Fig. 4.21. One can see how the resonance disappears with heating in Fig. 4.21

(c) and (d). For iw < 6.5 meV, Fig. 4.21 (a)-(c), we note that the peak on the right
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Figure 4.22: Contour intensity maps showing the fitted magnetic scattering intensity
versus fuww and ¢ at different temperature: (a) 5 K, (b)25 K, (¢) 100 K and (d) 300 K.
side [larger K side, near (0.25,0.75,0)] is further out in Q, with respect to )y, com-
pared to its counter-part on the left (small K') side, and becomes disproportionately
strong. This behavior is inconsistent with crystal symmetry, which magnetic or sim-
ple phonon scattering must follow. The nature of this spurious peak is not entirely
known. It is very likely not associated with magnetic scattering from the sample;
its growth with temperature suggests that it arises from multi-scattering processes
involving certain phonon modes. Fortunately, it only appears on the large K side,
leaving the small K side uncontaminated. In our data analysis, we fit the magnetic
signal using a double Gaussian function, with two peaks split symmetrically about Qp,
plus a single Gaussian function for the spurious peak. The fitted magnetic intensities

are presented as contour maps in Fig. 4.23. With the spurious peak removed, one can
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Figure 4.23: (a) Q-integrated (integrated only in one-dimension, along the trans-
verse direction) magnetic intensity, obtained based on the fit described in the text,
plotted vs. temperature. (b) Q-integrated intensity for the spurious peak around
(0.25,0.75,0), plotted vs. temperature. (c) Magnetic moment per Fe site vs. temper-
ature.

easily see the evolution of the magnetic excitation spectrum with temperature.

In the superconducting phase, Fig. 4.22(a), there is very little spectral weight
below 5 meV, while the excitations disperse outwards at higher energies. As a function
of temperature [Fig. 4.22(a)-(d)], the dispersion at the highest energies changes little,
and one can still observe well defined magnetic excitations at hw = 12 meV up to
T = 300 K. The temperature effect on the dispersion below the resonance energy is
much more pronounced. On warming from 4 K to 25 K, intensity that emerges below
the gap appears to disperse outwards slightly, as shown in Fig. 4.22 (b). Our results

are consistent with those in in Ref. [151], where the spectrum is narrowest in Q at
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the saddle point around 5 meV, and becomes broader for energy transfers both above
and below for T > T..

With further heating, the Q-dependence of the spectrum changes most dramati-
cally near the saddle point. At T = 100 K, the lower part of the dispersion clearly
moves outwards from Q, as shown in Fig. 4.22(c). The saddle point at 5 meV actually
disappears, and the dispersion becomes clearly incommensurate and almost vertical.
There is little change between 100 K and 300 K. The change in dispersion from 4 K
to 100 K is qualitatively similar to behavior reported for underdoped YBayCusOg.,
[212].

In Fig. 4.23 (a) and (b), we plot the intensities, integrated along Q = (1— K, K, 0),
of the magnetic scattering and the spurious peak. The effect of the resonance in the
superconducting phase is observable up to Aiw ~ 10 meV. The plot of the spurious-
peak intensity shows signs of temperature activation, and is peaked near 5 meV; in
any case, its scale is generally small compared to the magnetic signal.

The magnetic response in the normal state shows little temperature dependence
and the main spectral weight is always located at higher energies (2 6 meV). Com-
pared to that in the superconducting stat, the low energy spectral weight (below the
gap) does appear to increase in the normal state when ”resonance” near 6.5 meV dis-
appear, but remains almost unchanged with further heating for T up to 300 K This
is consistent with the system having no static magnetic order at low temperature,
and therefore no shift of spectral weight from elastic channel into those at low energy
transfers upon heating. The lack of temperature dependence for the magnetic exci-
tation spectrum in the normal state for T between 25 K and 300 K, suggest a large
energy scale associated with the magnetic response. We also note that the dispersion

changes from a near hour-glass shape at low temperature (T=4 K and 25 K) to a "wa-
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terfall” shape at high temperature (T=100 K and 300 K). This change in dispersion
is qualitatively similar to the behavior reported for underdoped YBayCuzOg, [212],
but occurs at temperature well within the normal state, and its origin is not entirely
understood.

Our key result is obtained by integrating the magnetic signal over Q and hw. For
the Q integration, we assume the peak width along the longitudinal direction is same
as transverse direction and that the response is uniform along L. For energy, we
integrated over the interval 0 meV< hw < 12 meV, using the low-energy extrapola-
tion indicated by the dashed lines in Fig. 4.23(a). From this integral, we obtain an
instantaneous magnetic moment of 0.26(7) up per Fe. The temperature dependence
of this quantity is negligible, as shown in Fig. 4.23(c).

The moment we have evaluated is only a fraction of the total moment per site,
considering that previous measurements have shown significant spectral weight all the
way up to a few hundred meV [154]. Nevertheless, such a large low-energy magnetic
response is already an order of magnitude larger than what is expected from a simple
itinerant picture. For example, the density of states at the Fermi energy (FFr) has been
calculated to be ~ 1.5 ev™! per Fe for FeSe [214]. If we assume that the electronic
states within an energy range of 12 meV are fully spin polarized, then obtain an
estimated moment of ~ 0.02 pug. Of course, photoemission studies have reported
band renormalizations in the range of 3 to 20 [215, 216], which would substantially
increase the available density of states at Eg; however, one must also consider the
cause of the renormalizations. In theory, one can include interactions that enhance
the magnetic response using the random phase approximation; however, at least one
attempt to do this [217] has found that the strength of the low-energy magnetic

weight is strongly temperature dependent, in contrast to our experimental result.
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The observed lack of temperature dependence suggests that electronic states over a
large energy range contribute to the effective moment, which is consistent with having
a significant local moment, as suggested by recent theoretical work [190, 207-210].
This leads to an interesting question. For the itinerant picture, the spin gap and
resonance come out naturally from the pairing gap for the quasiparticles—although
they are sensitive to the symmetry of the order parameter. If the magnetic moments
involve states at high binding energies, then one must reconsider the evaluation of the
resonance. It is clear that the magnetic correlations are sensitive to the development
of pairing and superconductivity; however, the electrons involved in the pairing and
in the magnetism are not necessarily identical. Similar issues have been raised in the
case of cuprates [192]. These issues also raise questions concerning the nature of the

pairing mechanism.

4.4 Magnetic field effect on magnetic excitations.

In this section, we present our work to study the magnetic field effect on the
magnetic excitations, especially on the spin resonance in iron-based superconductor.
Since the resonance in the magnetic excitations are believed closely relate to the onset
of superconductivity. [148, 149, 189] While superconductivity, 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 YBayCu3zOgg (Ref. [218])
and in Laj g2S1915CuOy4 (Ref. [219]).

We have carried out an inelastic neutron scattering study on an optimally-doped
1:1 material—a single crystal of FeTeg 5Seq 5, with T, ~14 K. We find that a resonance

with energy h€)y ~ 6 meV= 5kgT, appears below T, consistent with previous find-
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ings. [149, 189] 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 intensity than that measured in zero field. This
behavior demonstrates that the magnetic excitations have a close association with

the superconductivity.
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Figure 4.24: (a) Constant Q scans at (0.5,0.5,0) for temperatures below (7' = 4 K)
and above (T' = 20 K) T,. Shading indicates the difference between scans. (b) Data
obtained by subtracting 20 K data from 4 K data. Error bars represent square root
of total counts. Lines through data are guides for the eye.

The single-crystal sample was grown by a unidirectional solidification method
with nominal composition of FeTeq5Seq5. The bulk susceptibility was characterized

using a superconducting quantum interference device (SQUID) magnetometer. In the
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Figure 4.25: Constant Q scans at (0.5,0.5,0), after subtraction of the zero-filed scan
at 20 K. (a) T =4K, (b) 8K, (c¢) 12 K, for pjoH = 0 T (circles), and 7 T (diamonds).
Error bars represent square root of total counts. Lines through data are guides for
the eye.

susceptibility measurements, the sample was oriented so that a-b plane was parallel
to the magnetic field. Neutron scattering experiments were carried out on the triple-
axis spectrometer BT-7 located at the NIST Center for Neutron Research. A single
crystal with mass of 8.9 g was used in the neutron experiment and firmly fixed to an
aluminum plate. The lattice constants are a = b = 3.80(8) A, and ¢ = 6.14(7) A using
the notation where there are two Fe atoms in one unit cell. The data were collected

in (HHL) scattering plane, defined by two vectors [110] and [001], and described in

reciprocal lattice units (r.l.u.) of (a*,b*,¢*) = (27/a,27/b,27/c). A vertical magnetic
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Figure 4.26: (a) Susceptibility measured with poH = 0.0005 T (red circles) and 7 T
(blue diamonds), with field parallel to the a-b plane. Dashed lines indicate the 7s.
(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 (described in the text), with 7.s obtained from
(a). Inset shows the difference of the resonance intensities for 0 T and 7 T, integrated
from 5 meV to 8 meV. Error bars represent square root of total counts.

field of 7 T was applied parallel to the a-b plane (along [110]) in the field-cooling (FC)
measurements.

Energy scans have been performed at Q = (0.5,0.5,0), as shown in Fig. 4.24(a).
There is a large background at low energies coming from the superconducting magnet
in which the sample resides, and this obscures the magnetic response in the raw data.
However, if we compare the scans taken at 4 K and 20 K, a significant amount of

spectral weight shows up between 5 meV and 9 meV for the spectrum measured at

low temperature (as indicated by the shading). If we subtract the 20 K data from the
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4 K data as in Fig. 4.24(b), one can see a broad peak at ~ 6 meV. This is consistent
with that observed in 40% and 50% Se doped samples, in which resonance energies
of 6.5 meV and 7 meV, respectively, were reported. [149, 189] Although a spin gap
is not directly observed in the raw data, we do see from the background subtracted
data in Fig. 4.24(b) that the difference of the intensity (I4x — I20x ) becomes negative
below 5 meV, which suggests that a gap opens below this energy at 4 K, consistent
with the gap value obtained by Qiu et al.. [149]

To test the impact of a magnetic field, a 7-T field was applied at 20 K, and
the sample was cooled in the field. In Fig. 4.25, we show background (20 K data,
zero field) subtracted scans performed at different temperatures. At 7' = 12 K, the
difference between data taken with and without the field is very clear. With further
cooling, the 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, [220-223]
as well as in BaFe; gNig1Asy (Ref. [224]). 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 et al. analyzed a model of coexisting
but competing phases of superconductivity and SDW order, [106] and successfully

predicted the field-induced static magnetic order observed experimentally. [93, 125,
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186] We have searched for SDW order around (0.5,0.5,0), 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. 4.26(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, super-
conductivity 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. 4.25.

Fig. 4.26(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 tem-
perature obtained for the measurements with and without the field. The intensity
I(T) was fit with the mean-field theory [63] using 7.s determined by the onset of the
diamagnetism in Fig. 4.26(a), with I(T) = 1(0)(1 —T/T.)"/? + A, where I(0), and A
are constants. This formula results in the solid lines, which fit the data reasonably
well. In both 0 T 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. 4.26(b) the difference between intensity at 0 T and 7 T, A, integrated
from 5 meV to 8 meV; one can see that the intensity difference is well above zero.

With Fig. 4.26, one can better understand the results in Fig. 4.25, especially the
most pronounced field effect at 12 K. In zero field, the sample is in superconducting
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 superconductivity,
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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/Ior should be roughly proportional to 1 — H/H.e, where H is
the applied field, and H,, is the upper critical field. [218] 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. [142, 225] Although no significant change in
the resonance with field was identified for the 40% Se sample in Ref. [149], 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; gNij 1 Asg [224] suggests that
this should be common in Fe-based superconductors.

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; gNig1Ass. [224] We have measured the susceptibility with field perpendicular
to a-b plane, and compared it with the data in this work. [147] It is shown that there
is only anisotropy in the superconducting state. It will be interesting to see how the
resonance responds to a c-axis magnetic field. Another potentially interesting issue
would be searching 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. [150] Qiu et
al. [149] applied a 7-T magnetic field on a 40% Se doped sample, but no splitting
is visible from their results. Zhao et al. [224] also tried to tackle this problem using
a 14.5-T field, but still the results are inconclusive—the resonance broadens in the
field, but no clear split was observed, probably due to the finite resonance width and

coarse energy resolution. A detailed investigation of the field effect on the low-energy
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(< 10 meV) spin excitations in higher fields with improved background, and better
energy resolution, will be necessary to elucidate these issues.

In summary, we observed a resonance at h€)y ~ 6 meV in FeTegsSeqs (1. =
14 K). The temperature dependence of the intensity is consistent with the scaling
1—(T/T,)"/?. A7 T magnetic field partially suppresses superconductivity, and lowers
T, to about 12 K, determined from the bulk susceptibility. In the field, the resonance
starts to appear at the lowered T,., 12 K, with intensity reduced. These results are
consistent with the picture that the resonance is related to quasiparticle scattering in
the superconducting phase, and is reduced when superconductivity becomes weaker,

either by heating or applying an external magnetic field.
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